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1.  INTRODUCTION: 


The  purpose  of  this  project  is  to  evaluate  the  role  of  plasmacytoid  dendritic  cells  (pDCs)  in  the  pathogenesis  of 
hantavirus  infection  in  human  and  small  rodents  with  an  emphasis  on  pDC-derived  granzyme  B  (GZMB) 
expression.  It  is  well  documented  that  hantavirus  infection  causes  acute,  often  fatal,  infection  in  human  [1]; 
however,  infection  of  small  rodents  is  usually  asymptomatic  and  does  not  affect  the  animal’s  life  span  [2,  3]. 
Our  overreaching  hypothesis  is  that  differences  in  clinical  presentation  could  be  based  on  the  ability  of 
hantaviruses  to  activate  GZMB  in  pDC.  Furthermore,  we  propose  that  hantaviruses  have  the  capacity  to  infect 
human  pDC  and  activate  GZMB,  thus  initiating  an  inflammatory  immune  response  that  leads  to  the  severe 
clinical  presentation  associated  with  hantavirus  infection  in  humans.  We  further  hypothesize  that  pDCs  from 
small  rodents  do  not  activate  GZMB  to  the  same  extent.  If  confirmed,  this  may  provide  an  explanation,  at  least 
in  part,  for  the  different  clinical  presentation  in  humans  and  small  rodent.  Additionally,  if  confirmed,  these  data 
would  identify  GZMB  as  potential  target  for  developing  future  diagnostics  and  therapeutics. 

2.  KEY  WORDS: 

Hantavirus;  granzyme  B;  GZMB;  RNAseq;  HFRS;  HPS;  plasmacytoid  dendritic  cell 

3.  OVERALL  PROJECT  SUMMARY 
Transcriptome  analysis 

In  order  to  explore  the  contribution  of  pDCs  to  hantavirus  pathophysiology,  it  was  our  goal  to  conduct 
transcriptome  analysis,  by  next-generation  RNA  sequencing  (RNAseq),  of  purified  human  and  murine  pDCs 
upon  infection  with  pathogenic  and  non-pathogenic  strains  of  hantaviruses.  This  method  would  allow  us  to 
potentially  and  unbiasedly  identify  differentially  expressed  genes  that  were  a  result  of  differences  between 
humans  and  rodents  as  well  as  differences  between  viral  strains.  pDCs  typically  represent  less  than  0.3%  of 
circulating  lymphocytes  [4],  therefore,  for  each  experiment,  a  unit  (aprox.  450  mL)  of  whole  human  blood  is 
required  or  the  spleens  from  at  least  four  mice.  Each  purification  experiment  of  human  blood  yielded 
approximately  1  million  cells,  which  were  split  between  three  virus  strains  and  a  control,  giving  approximately 
250,000  cells  per  experiment.  The  yield  from  the  murine  spleens  was  approximately  200,000  cells  per 
purification  giving  approximately  50,000  cells  per  experimental  condition.  Because  of  the  limited  amount  of 
biological  material,  and  other  possible  factors  not  observed  when  other  cell  populations  were  used,  we 
consistently  experienced  difficulties  in  obtaining  a  sufficient  amount  of  RNA,  with  the  quality  necessary  to 
conduct  successful  RNAseq.  After  four  attempts  we  collected  the  required  human  RNA  for  RNAseq  but  we 
were  not  able  to  collect  sufficient  murine  RNA  of  the  necessary  quality.  However,  murine  RNA  of  sufficient 
quality  and  amount  to  conduct  quantitative  PCR,  was  collected;  therefore,  we  analyzed  the  human  samples  then 
used  quantitative  PCR  to  investigate  the  murine  samples  for  any  differences  observed  between  infected  and 
controls  human  samples.  We  also  conducted  quantitative  PCR  on  human  samples  to  confirm  the  RNAseq 
results.  Although  funding  has  ended  for  this  project,  as  of  this  date,  we  are  continuing  to  confirm  the  RNAseq 
data  by  quantitative  PCR  using  internal  funds.  Additionally,  during  the  course  of  this  work,  our  laboratory 
published  two  additional  hantavirus  papers  and  one  pDC  review  article  that  acknowledged  the  support  of  our 
laboratory  by  this  award.  Those  papers  are  attached  to  this  report  in  the  section:  Publications,  Abstracts,  and 
Presentations.  The  publications  pertaining  to  the  pDC-RNAseq  analysis  will  be  submitted  as  an  amendment  to 
this  report  with  the  next  three  months.  The  following  sections  articulated  the  data  thus  far. 

Transcriptome  analysis  of  human  and  murine  pDCs  suggests  that  hantavirus  infection  preferentially 
promotes  Granzyme  B  upregulation  in  human  pDCs.  In  this  study,  all  work  with  infectious  virus  was 
conducted  in  a  BSL-3  facility,  in  compliance  with  a  Memorandum  of  Understanding  with  the  University  of 
Nevada,  Reno,  as  well  as  according  to  NIH,  CDC,  and  OSHA  standards.  All  virus  stocks  were  propagated  on 


Vero  E6  cells.  Human  pDCs  were  purified  from  whole  blood  using  a  combination  of  positive  and  negative 
selection  (Diamond  Plasmacytoid  Dendritic  Cell  Isolation  Kit  II,  Miltenyi  Biotec)  and  murine  pDCs  were 
purified  from  mouse  spleens  by  negative  selection  (Plasmacytoid  Dendritic  Cell  Isolation  Kit,  Miltenyi  Biotec). 
Isolated  pDCs  (>95%  purity)  were  added  to  6-well  culture  plates  in  complete  RPMI  media  supplemented  with 
IL-3  (10  ng/mL,  Peprotech)  and  allowed  to  rest  overnight.  The  following  day  pDCs  were  infected  with  either 
Andes  virus  strain  23  (ANDV),  Hantaan  virus  strain  76-118  (HTNV)  or  Prospect  Hill  virus  (PHV).  Infections 
were  conducted  by  incubating  each  respective  virus  with  pDCs  for  1  h  at  37  °C,  5%  CO2  at  a  multiplicity  of 
infection  of  0.1.  The  cells  were  centrifuged,  the  virus  aspirated  and  new  medium  was  added  and  the  incubation 
continued  for  24  hours.  A  mock  infection  was  used  as  a  negative  control  and  all  infections  were  done  in 
duplicate.  After  24  hours,  the  cell  cultures  were  collected  using  TRIZOL  reagent  and  RNA  extracted  according 
to  the  manufactures  instructions. 

For  NGS  analysis,  10  pL  of  purified  total  RNA  was  used  to  prepare  each  library.  Each  respective  library  was 
prepared  using  the  Ion  total  RNAseq  kit  (Life  Technology).  Briefly,  mRNA  was  fragmented  using  RNAse  III 
and  purified  by  nucleic  acid  binding  magnetic  beads.  The  RNA  fragments  were  then  hybridized  and  ligated  with 
adaptor.  The  ligation  product  was  reverse  transcribed  to  generate  cDNA.  Purified  cDNA  was  then  amplified, 
during  which  time  each  individual  strand  was  barcoded.  At  the  end  of  amplification,  barcoded  cDNA  was 
purified  and  processed  for  the  Ion  PI  Chip  on  the  Ion  OneTouch  system.  Final  sequencing  was  conducted  using 
the  Ion  Proton  NGS  system.  In  total,  the  output  of  six  Ion  Proton  PI  chips  generated  an  average  of  12.4 
gigabases  (Gba)  of  sequence  data  per  chip.  To  maximize  high-quality  alignments  for  read  alignment,  gene 
identification,  and  quantification,  the  raw  sequence  reads  were  trimmed  to  eliminate  adapters  and  low-quality 
reads  and  short  sequences  were  removed,  yielding  477  million  trimmed  sequences,  with  an  average  sequencing 
depth  of  79.6  million  independent  sequence  reads  per  sample  and  a  mean  length  of  155  nucleotides  (nt)  per 
read.  Cleansed  reads  were  successfully  aligned  to  the  human  genome  (GRCh38),  using  Bowtie2  software  [5]. 
Genomic  alignments  were  then  mapped  to  their  respective  loci  with  the  coding  regions  of  NCBI  RefScq 
transcript  models  to  quantitatively  measure  global  gene  expression.  For  differential  expression  testing,  the 
FPKM  (Fragments  Per  Kilobase  of  exon  per  Million  fragments  mapped)  quantities  were  then  transfonned  into 
pseudo-count  approximations  by  a  simple  transformation  using  gene  lengths  and  effective  library  sizes. 
Expressed  as  counts  per  million  (CPM),  a  baseline  filter  was  applied  to  select  genes  for  which  CPM>1  (A  CPM 
value  of  1  corresponded  to  a  count  of  approximately  10  in  this  study).  This  filtering  was  performed  to  extract 
those  genes  expressed  on  one  of  four  samples.  The  count  data  of  these  33,91 1  genes  were  then  nonnalized  using 
upper  quartile  normalization.  Upon  nonnalization,  the  genes  were  subjected  to  a  general  linear  model 
hypothesis  test  to  detennine  whether  differences  between  cohorts  were  statistically  significant. 

For  quantitative  PCR  analysis,  an  aliquot  of  total  RNA  (40  ng)  was  used  to  generate  cDNA  using  the 
Superscript  kit  (Invitrogen).  Amplification  product  was  used  for  quantitative  PCR  (qPCR)  analysis  using 
Cybergreen  real  time  PCR  mix  (Thermofisher)  on  a  BioRad  CFX96  qPCR  System  using  the  primers  sets  given 
in  Table  1.  All  real  time  PCR  values  were  normalized  to  that  of  the  GAPDH  RNA  values  in  corresponding 
sample.  Nonnalized  GZMB  and  TNF-A-a  values  for  each  virus  were  adjusted  to  the  corresponding  S  segment 
RNA  values. 


Table  1 

Species 

Gene 

Forward  primer 

Reverse  primer 

Human 

GZMB 

CCCTCAGGCTACCTAGCAAC 

TTCGATCTTCCTGCACTGTC 

TNF-Aa 

CCTCTTCTCCTTCCTGATCG 

ATC  ACTCC  AAAGT  GC  AGC  AG 

GPDH 

CAT  C  AAT  GGAAATCCC  ATC  A 

TTCTCC  AT  GGT  GGT  GA  AGAC 

Mouse 

GZMB 

CTGGCTTCATGTCCATTCAC 

GGAGAGGGCAAACTTCCATA 

TNF-Aa 

CTAGCCAGGAGGGAGAACAG 

GCTTTCTGTGCTCATGGTGT 

GAPDH 

AGAATT  GAC  AAACGGGACCT 

GGAGGAGC  AGAGAGCTT  GAC 

Hantaviruses 

ANDV 

GCTTTCTGTGCTCATGGTGT 

CCTGGTCCCTTTGTTGTCTT 

HTNV 

TT  GCT  GAACTTGG  AGC  ATTC 

GAACGATGATTTCTTTCGCA 

PHV 

AACTTGCTGCCTCAGGAGAT 

CCATCCCTGCAATGTAGATG 

Our  RNAseq  data  identified  numerous  transcriptional  differences  that  need  to  be  confirmed  by  quantitative 
PCR,  and  currently,  we  are  systematically  confirming  each  parameter  that  is  related  to  our  central  hypothesis. 
However,  because  of  the  numerous  delays  and  given  that  the  project  funding  has  ended,  we  are  completing  this 
task  using  internal  funds.  It  is  anticipated  that  this  will  take  two  additional  months,  and  one  more  month  to 
prepare  a  manuscript  of  the  results. 

Two  significant  discoveries  have  resulted  from  this  work.  First,  our  ongoing  analysis  has  confirmed  the  major 
premise  of  this  project.  That  is,  our  data  support  the  premise  that  human  GZMB  is  upregulated  by  hantavirus 
infection  (Figure  1).  Additionally,  we  observe  that,  in  contrast  to  human  pDCs,  murine  pDCs  actually  have 
decreased  GZMB  expression  upon  hantavirus  infection  (Figure  2).  Additionally,  in  human  pDCs,  ANDV  strain, 
which  is  associated  with  the  greatest  pathology,  shows  the  largest  increase,  followed  by  HTNV  and  then  PHV 
(Figure  1)  suggesting  that  the  pathogenicity  of  hantaviruses  in  human  samples  is  proportional  to  GZMB 
expression.  In  contrast,  GZMB  is  suppressed  in  murine  pDCs  upon  hantavirus  infection  with  little  difference 
between  the  three  strains  (Figure  2). 

Qualitative  PCR  suggests  that  human  and  murine  pDCs  support  a  productive  hantavirus  infection.  Our  data 
also  confirm  that  human  pDCs  (Figure  3)  and  murine  pDCs  (Figure  4)  are  susceptible  to  hantavirus  infection 
and  also  support  virus  replication;  an  observation  that  is  previously  unreported.  Our  data  further  suggest  that 
infection  of  murine  pDCs  yields  a  more  productive  infection  when  compared  to  human  pDCs  (Figure  3  and  4, 
respectively)  suggesting  that  the  lack  of  GZMB  expression  in  murine  pDCs  cannot  be  attributed  to  differences 
in  virus  replication.  Additionally,  we  observed  that  Andes  virus  yields  the  greatest  viral  replication;  followed  by 
Prospect  Hill  and  then  Hantaan,  also  suggesting  that  the  lack  of  pathogenicity  of  observed  with  Prospect  Hill 
virus  cannot  be  attributed  to  virus  titers  alone. 

Figure  1.  Quantitative 
PCR  of  GZMB 
expression  in  infected 
human  pDCs,. 

C  =  mock-infected 

■  A  =  Andes  virus 

H  =  Hantaan  virus 
P  =  Prospect  Hill  virus 
P 


Figure  2.  Quantitative 
PCR  of  GZMB 
expression  in  infected 
murine  pDCs. 

C  =  mock-infected 
A  =  Andes  virus 
H  =  Hantaan  virus 
P  =  Prospect  Hill  virus 
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Figure  3.  Quantitative 
PCR  of  hantavirus 
replication  in  human 
pDCs. 

A  =  Andes  virus 
H  =  Hantaan  virus 
P  =  Prospect  Hill  virus 


Previously,  it  has  been  reported  that  significantly  elevated  plasma  levels  of  TNF-a,  are  detected  in  the  acute 
phase  of  hantavirus  disease,  and  that  the  levels  correlate  with  severity  of  disease  [6,  7].  However,  in  spite  of  the 
fact  that  pDCs  are  known  to  produce  TNF-a  upon  TLR  engagement  [8]  we  observed  no  upregulation  of  TNF-a 
in  hantavirus-infected  human  pDCs  (Figure  5).  Similar  results  were  observed  upon  hantavirus  infection  of 
murine  pDCs  (Figure  6),  with  the  exception  of  hantaan  virus;  however,  large  variation  in  our  replicates  suggest 
that  the  expression  of  TNF-a  by  hantaan-infected  pDCs  may  have  been  anomalous.  We  have  previously 
reported  that  hantavirus-infected  HUVECs  also  do  not  produce  TNF-a,  suggesting  that  the  circulating  levels 
commonly  observed  during  hantavirus  infection  are  not  the  result  of  pDCs. 
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Figure  4.  Quantitative 
PCR  of  hantavirus 
replication  in  murine 
pDCs. 

A  =  Andes  virus 
H  =  Hantaan  virus 
P  =  Prospect  Hill  virus 
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Figure  5.  Quantitative 
PCR  of  TNF-A-a 
expression  in  infected 
human  pDCs. 

C  =  mock-infected 
A  =  Andes  virus 
H  =  Hantaan  virus 
P  =  Prospect  Hill  virus 


Figure  6.  Quantitative 
PCR  of  TNF-A-a 
expression  in  infected 
human  pDCs. 

C  =  mock-infected 
A  =  Andes  virus 
H  =  Hantaan  virus 
P  =  Prospect  Hill  virus 


Figure  1.  Granzyme  B  expression  by  qualitative  PCR.  pDCs  were  purified 

From  whole  blood  by  magnetic  separation.  Cells  were  cultured  in  RPMI  in  the  presence  of  IL-3 

Summary  points  of  this  study 

Our  data  suggests  that: 

1 .  pDCs  are  a  putative  target  of  hantavirus  infection. 

2.  pDCs  support  hantavirus  replication. 

3.  GZMB  is  upregulated  in  human  pDCs  upon  hantavirus  infection  but  not  murine  pDCs. 

4.  GZMB  upregulation  in  human  pDCs  correlates  with  viral  pathogenic  potential. 

4.  KEY  RESEARCH  ACCOMPLISHMENTS: 

Because  of  the  difficulties  in  collect  sufficient  RNA  of  the  necessary  quality  to  conduct  our  RNAseq  analysis, 
the  completion  of  this  project  has  been  delayed.  Consequently,  we  are  only  now  confirming  the  RNAseq  results 
by  quantitative  PCR;  however,  once  this  is  completed,  the  results  will  be  published  and  this  report  amended. 


Nevertheless,  the  principal  premise  of  this  proposal  has  been  confirmed  and  the  key  research  accomplishments 
thus  far  are  as  follows: 


1.  We  have  completed  RNAseq  of  human  and  murine  infected  pDCs, 

2.  We  have  completed  bioinformatical  analysis  of  the  RNAseq  data. 

3.  We  have  completed  statistical  analysis  of  the  RNAseq  data. 

4.  We  have  confirmed  the  GZMB,  TNF-a  and  viral  replication  by  quantitative  PCR. 

5.  We  have  also  published  three  additional  hantavirus  papers  that  acknowledge  the  support  of  this 
award. 

5.  CONCLUSION: 

The  overreaching  hypothesis  of  this  proposal  is  supported  by  our  data.  Specifically,  human  and  murine  pDCs 
are  susceptible  to  hantavirus  infection;  however,  only  the  human  pDC  is  significantly  upregulate  GZMB. 
Furthermore,  the  effect  is  strain  specific,  with  the  most  pathogenic  strain  Andes  virus,  producing  the  greatest 
effect,  followed  by  Hantaan,  and  then  Prospect  Hill,  the  least  pathogenic  of  the  three.  Numerous  other  genes  in 
pDCs  are  affected  upon  hantavirus  infection  and  there  genes  are  systematically  being  confirmed. 
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Hantavirus  infection  suppresses  thrombospondin-1  expression  in  cultured  endothelial  cells  in  a  strain- 
specific  manner  Front.  Microbiol.  2016  July  19;  7:1077. 

Multiplex  analysis  of  serum  cytokines  in  humans  with  hantavirus  pulmonary  syndrome  Front.  Immunol., 
Front  Immunol.  2015  Aug  31;6:432. 

Plasmacytoid  dendritic  cells,  a  role  in  neoplastic  prevention  and  progression.  Eur  J  Clin  Invest.  2015 
Jan;45  Suppl  1:1-8. 

7.  INVENTIONS,  PATENTS  AND  LICENSES 

N/A 

8.  REPORTABLE  OUTCOMES 

N/A 

9.  OTHER  ACHIEVEMENTS 

During  the  course  of  our  work  with  pDCs,  we  also  included  infections  of  human  umbilical  vein  endothelial  cells 
(HUVEC),  which  is  the  classic  research  tool  for  hantavirus  work.  Because  of  the  high-risk  nature  of  the  present 
pDC  project,  we  felt  that  it  was  prudent  to  include  HUVEC  infections,  as  a  fail-safe,  to  ensure  that  the  project 
would  be  guaranteed  to  yield  publishable  results.  Althought  RNA  arrays  have  been  conducted  for  hantaviruses 
[9],  to  the  best  of  our  knowledge,  RNAseq  analysis  has  never  been  reported  for  hantavirus  infection  of 
HUVEC s.  By  investigating  the  pathogenic  and  non-pathogenic  strains,  we  would  potentially  identify  specific 
targets  that  may  be  confirmed  in  the  infected  pDCs  but  would  also  stand  on  its  own  as  novell  research  data. 
Because  present  study  provided  access  into  the  BSL-3  facility,  we  also  included  the  work  with  HUVECs.  The 
RNAseq  analysis  of  HUVECs  was  made  possible  through  a  donation  may  to  us  by  the  UNR  genomics  facility 
and  Illumina  and  the  HUVEC  cells  were  already  on  hand.  The  HUVECs  were  cultured  and  infected 
simultaneously  with  the  pDCs  using  the  same  experimental  conditions,  including  the  two  pathogenic  and  one 
non-pathogenic  hantavirus  strain.  Once  we  have  completed  the  quantitative  PCR  confirmation  of  the  pDC- 
RNAseq  results,  we  will  commence  with  the  analysis  of  the  HUVEC  data.  The  pDC  RNAseq  was  conducted 


using  the  Life  Technologies  Ion  Proton  platform;  however,  the  HUVEC  RNAseq  was  conducted  on  an  Illumina 
platform,  therefore,  we  feel  that  these  two  studies  will  need  to  be  published  separately,  but  both  studies  will 
acknowledge  present  award  as  a  source  of  funding. 
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Hantavirus  infection  is  associated  with  two  frequently  fatal  diseases  in  humans: 
Hemorrhagic  fever  with  renal  syndrome  (HFRS)  and  hantavirus  pulmonary  syndrome 
(HPS).  The  pathogenesis  of  hantavirus  infection  is  complex  and  not  fully  understood; 
however,  it  is  believed  to  involve  virus-induced  hyperinflammatory  immune  responses. 
Thrombospondin-1  (THBS1)  is  a  large  homotrimeric  protein  that  plays  a  putative 
role  in  regulating  blood  homeostasis.  Hyperresponsiveness  to  inflammatory  stimuli 
has  also  been  associated  with  defects  in  the  THBS1  gene.  Our  data  suggest  that 
hantavirus  infection  of  human  umbilical  cord  vein  endothelial  cells  (HUVEC)  suppress 
the  accumulation  of  THBS1  in  the  extracellular  matrix.  Additionally,  this  suppression  is 
dependent  on  virus  replication,  implying  a  direct  mechanism  of  action.  Our  data  also 
imply  that  the  pathogenic  Andes  and  Hantaan  strains  inhibit  THBS1  expression  while  the 
non-pathogenic  Prospect  Hill  strain  showed  little  inhibition.  These  observations  suggest 
that  a  dysregulation  of  THBS1  may  contribute  to  the  pathogenesis  of  hantavirus  infection. 
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INTRODUCTION 

Hantaviruses  are  negative  strand  RNA  viruses  belonging  to  the  family  Bunyaviridae  (Schmaljohn 
and  Nichol,  2001;  Schmaljohn,  2007).  They  are  the  etiological  agent  associated  with  two  frequently 
fatal  human  illnesses:  Hemorrhagic  fever  with  renal  syndrome  (HFRS)  and  hantavirus  pulmonary 
syndrome  (HPS;  Jenison  et  al.,  1995;  Enria  et  al.,  2001;  Linderholm  and  Elgh,  2001;  Peters  and  Khan, 
2002).  Postmortem  analyses  of  HFRS  and  HPS  cases  typically  reveal  high  viral  loads  in  endothelial 
cells,  suggesting  that  the  vascular  endothelium  is  a  principal  site  of  infection  (Zaki  et  al.,  1995). 
In  vitro  studies  have  confirmed  that  human  vascular  endothelial  cells  are  susceptible  to  hantavirus 
infection;  however,  infection  does  not  produce  a  visible  cytopathic  effect  (Pensiero  et  al.,  1992; 
Khaiboullina  et  al.,  2004). 

HFRS  and  HPS  are  characterized  by  high  fever  and  myalgia;  however,  kidney  failure  and 
bleeding  are  typical  of  HRFS  while  HPS  manifests  with  pneumonia  and  cardiovascular  dysfunction 
(Kanerva  et  al.,  1998;  Enria  et  al.,  2001;  Linderholm  and  Elgh,  2001).  Despite  different  clinical 
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presentations,  decreased  platelet  counts,  and  changes  in  blood 
chemistry  are  commonly  observed  during  the  early  phase  of 
both  syndromes  (Kanerva  et  al.,  1998;  Peters  et  al.,  1999). 
Disturbed  hemostasis  is  a  hallmark  of  HFRS  (Linderholm  and 
Elgh,  2001;  Sundberg  et  al.,  2011)  as  is  progressive  disseminated 
intravascular  coagulation  (DIC)  syndrome  (Connolly-Andersen 
et  al.,  2015);  however,  severe  shock  and  renal  failure  tend  to 
associate  with  more  severe  illness  (Lee  et  al.,  1989;  Rasche  et  al., 
2004;  Sundberg  et  al.,  2011).  HPS  commonly  manifests  with 
pneumonia  and  severe  cardiovascular  dysfunction  as  a  result 
of  progressive  leakage  of  fluid  from  the  blood  into  the  lungs, 
resulting  in  pulmonary  edema,  hypoxia,  and  circulatory  collapse 
(Enria  et  al.,  2001).  Although  DIC  is  not  the  most  prevalent 
pathology  during  HPS,  laboratory,  and  histological  examinations 
have  revealed  the  presence  of  all  symptoms  of  DIC  (Zaki  et  al., 
1995).  DIC  is  an  acquired  disorder  in  which  the  proteins  that 
control  blood  clotting  become  constitutively  activated,  resulting 
in  consumption  of  platelets  and  conversion  of  fibrinogen  to  fibrin 
(Slofstra  et  al.,  2003).  With  blood  platelets  and  clotting  factors 
exhausted,  internal,  and  external  bleeding  typically  ensues  (Peters 
et  al.,  1999).  In  the  normal  steady  state,  endothelial  cells  control 
blood  homeostasis  by  continuously  expressing  several  proteins 
(Cirino  et  al.,  2000;  Dugina  et  al.,  2002),  many  of  which  interact 
with  thrombospondin- 1  (THBS1);  a  large  trimeric  glycoprotein 
secreted  by  several  cell  types  including  endothelial  cells,  and 
activated  platelets  (McPherson  et  al.,  1981;  Mast  et  al.,  2000; 
Resovi  et  al.,  2014;  Prakash  et  al.,  2015). 

Once  secreted,  THBS1  suppresses  proliferation  and  migration 
of  endothelial  cells,  as  well  as  signals  their  apoptosis  (Khan 
et  al.,  1996;  Lawler  and  Detmar,  2004).  Additionally,  THBS1 
can  induce  endothelial  cell  actin  reorganization  and  focal 
adhesion  disassembly  (Greenwood  et  al.,  1998;  Goicoechea 
et  al.,  2000).  Several  proteases  involved  in  angiogenesis  and 
endothelial  integrity,  such  as  urokinase,  plasminogen,  matrix 
metalloproteinase,  thrombin,  cathepsin,  and  elastase  are  also 
influenced  by  THSB1  (Hogg  et  al.,  1993;  Albo  et  al.,  1997; 
Bein  and  Simons,  2000;  Liu  et  al.,  2009;  Yang  et  al.,  2012; 
Zhao  et  al.,  2015).  Furthermore,  THBS1  can  directly  affect 
the  activity  of  plasmin  and  urokinase  plasminogen  activator, 
which  are  important  for  degradation  of  fibrin  (Silverstein  et  al., 
1986;  Hogg  et  al.,  1992;  Rabhi-Sabile  et  al.,  1998).  Finally, 
THBS1  controls  von  Willebrand  (vW)  factor  multimer  sizes  by 
reduction  of  disulfide  bonds,  which  link  the  vW  factor  subunits 
together  (Xie  et  al.,  2001).  Secretion  of  THBS1  by  endothelial 
cells  can  be  modulated  by  proinflammatory  cytokines  such  as 
TNFa  and  IL-1,  two  cytokines  that  are  commonly  observed  in 
association  with  hantavirus  infection  (McPherson  et  al.,  1981; 
Lawler  and  Detmar,  2004;  Lopez-Dee  et  al.,  2011).  Indeed, 
several  proteins  modulated  by  THBS1  have  been  implicated 
in  hantavirus  pathology.  For  instance,  Bondu  and  coworkers 
observed  elevated  levels  of  thrombin  in  severe  HPS  cases  (Saumet 
et  al.,  2002;  Bondu  et  al.,  2015)  and  Sadeghi  et  al.  observed  TGFB1 
to  be  elevated  during  the  late  phase  of  Puumala  hantavirus 
infection  (Sadeghi  et  al.,  2011;  Chu  et  al.,  2013).  Also,  Strandin 
and  colleagues  reported  that  tissue  plasminogen  activator  was 
strongly  upregulated  in  severe  cases  of  Puumala  hantivirus 
infection  (Strandin  et  al.,  2016).  Additionally,  Davidovich  et  al. 


reported  a  three-fold  increase  in  serum  vW  in  HRFS  patients 
during  their  oliguric  phase  (Davidovich  et  al.,  1993).  Although 
the  molecular  mechanisms  involved  in  hantavirus  pathology  are 
not  well-understood  it  is  reasonable  that  THBS1  may  play  a 
role  in  the  pathophysiology  of  hantavirus  infection  through  the 
interactions  with  the  abovementioned  proteins. 

Recently,  decreased  levels  of  serum  THBS1  have  been  reported 
in  association  with  HFRS  (Liu  et  al.,  2008;  Laine  et  al.,  2014). 
Liu  et  al.  suggested  that  insufficient  production  or  increased 
consumption  of  THBS1  contribute  to  the  impaired  integrity 
of  small  capillaries  in  subjects  with  HFRS  (Liu  et  al.,  2008). 
In  the  present  study,  we  demonstrate  that  in  vitro  hantavirus 
infection  of  endothelial  cells  suppresses  transcription  of  THBS1 
and  its  subsequent  accumulation  in  the  extracellular  matrix.  This 
suppression  is  dependent  on  viral  replication,  but  is  independent 
of  IL-6  and  CCL5  expression  by  infected  cells.  Additionally,  these 
observations  were  strain-specific  with  the  pathogenic  Andes 
(ANDV)  and  Hantaan  (HTNV)  strains  suppressing  THBS1 
expression  while  non-pathogenic  Prospect  Hill  (PHV)  strain 
showed  little  inhibition. 

METHODS 

Human  umbilical  cord  vein  endothelial  cells  (HUVEC)  and  Vero 
clone  E6  (Vero  E6)  were  obtained  from  Lonza,  Inc.  (Portsmouth, 
NH)  and  American  Type  Culture  Collection  (ATCC,  Manassas, 
VA),  respectively.  HUVEC  were  grown  in  MCDB  131  medium, 
supplemented  with  human  vascular  endothelial  cell  growth 
factor,  hydrocortisone,  2%  fetal  bovine  serum  (FBS),  human 
fibroblast  growth  factor  (0.5  mL;  1  (ig/mL),  ascorbic  acid,  heparin 
(0.5  mL;  1  pg/mL),  and  gentamicin.  Cells  were  used  at  passages 
2-4.  Vero  E6  cells  were  grown  in  DMEM  medium  containing 
20%  FBS  and  gentamicin. 

All  work  with  infectious  virus  was  conducted  in  a  BSL-3 
facility,  in  compliance  with  a  Memorandum  of  Understanding 
with  the  University  of  Nevada,  Reno,  as  well  as  according  to  NIH, 
CDC,  and  OSELA  standards.  All  virus  stocks  were  propagated 
on  Vero  E6  cells.  Andes  virus  strain  23  (ANDV)  and  Hantaan 
virus  strain  76-118  (HTNV)  were  a  generous  gift  from  Dr. 
Thomas  Ksiazek  (CDC,  Atlanta,  GA),  and  Prospect  Hill  virus 
(PHV)  was  a  generous  gift  from  Dr.  Connie  Schmaljohn  (Fort 
Detrick,  MD).  In  all  experiments,  cells  were  infected  at  a  virus 
to  cell  ratio  of  3  (MOI  of  3)  except  where  indicated.  In  some 
experiments,  the  virus  was  inactivated  with  2  x  106  rads  of 
gamma  radiation.  Infections  were  conducted  by  incubating  each 
respective  virus  on  HUVEC  for  1  h  at  37°  C,  5%  CO2.  The  cell 
monolayers  were  then  washed  with  HBBS,  and  new  medium  was 
added  and  the  incubation  continued  for  the  times  indicated.  For 
some  experiments,  new  culture  medium  was  supplemented  with 
10  ng/mL  TNFa,  10  ng/mL  TGF|3,  50  ng/ml  IL-6,  or  12  ng/mL 
CCL5  (R&D  Systems).  Mock-infected  cells  and/or  untreated 
cells  were  used  as  controls.  All  experiments  were  done  in 
duplicate. 

Immunofluorescence 

Hantavirus-infected  and  mock-infected  HUVEC  monolayers 
were  fixed  with  methanol/acetone  (3:1),  washed  three  times  with 
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PBS  (pH  7.4),  and  incubated  with  glycine  buffer  (10  mM  glycine 
in  PBS  pH  7.4)  for  30  min  at  room  temp.  Slides  were  again 
washed  three  times  with  PBS  and  permeabilized  with  Triton-X 
100  solution  (0.1%  in  PBS  pH  7.4)  for  30  min  at  room  temp. 
Slides  were  next  washed  three  times  with  PBS  and  incubated 
for  30  min  at  room  temp  with  an  appropriate  combination  of 
antibodies  (summarized  in  Table  1).  Slides  were  washed  again 
three  times  in  PBS,  and  incubated  with  the  respective  antibody 
combinations  for  30  min  at  room  temp  in  the  dark.  Images  were 
captured  using  a  Nikon  Cl  fluorescent  microscope  with  Easy  Cl 
software. 

Western  Blot 

Hantavirus-infected  and  mock-infected  HUVEC  were  lysed 
in  200  p,L  of  0.1%  sodium  dodecyl  sulfate  (SDS)  solution 
and  standardized  using  the  Better  Bradford™  Assay  Kit 
(Pierce,  Div.  of  Thermo  Fisher,  Waltham,  MA).  Proteins  were 
electrobio tted  for  15  min,  at  4mA/cm2  onto  PVDF  membranes 
(Bio-Rad,  Hercules,  CA)  and  blocked  for  1  h  at  room  temp 
with  blocking  buffer  (5%  non-fat  dry  milk  in  PBS,  pH  7.4 
and  0.5%  Tween  20).  Membranes  were  then  washed  three 
times  in  washing  buffer  (PBS  pH  7.4  and  0.5%  Tween  20) 
and  incubated  with  the  respective  antibodies  in  blocking 
buffer  for  12  h  at  4°C.  Antigen-antibody  complexes  were 
identified  with  goat  anti-rabbit-HRP  or  goat  anti-mouse-HRP 
conjugated  antibodies  (1:1000  in  blocking  buffer)  and  developed 
using  insoluble  HRP  substrate  (Vector  Labs,  Burlingame,  CA) 
according  to  the  manufacturers  instructions.  Western  blots  were 
quantitatively  measured  using  Scion  Image  software  version 
beta  4.0.2. 

Real  Time  PCR 

Hantavirus-infected  HUVEC  and  mock-infected  cells  were 
collected  at  selected  time  points  and  total  RNA  was  extracted 
using  Trizol  reagent  (Life  Technologies,  Carlsbad,  CA), 
according  to  the  manufacturers  instructions.  To  conduct 
first  strand  cDNA  synthesis,  3p.L  RNA  (1  [ig  total),  1  p,L 
random  primer  mix  (50  p,M),  and  8.5  |xL  RNase-free  water  were 
combined,  denatured  at  70°C  for  10  min,  and  chilled  at  4°C  to 
anneal  the  primers.  cDNA  was  then  synthesized  by  adding  1  p,L 
of  each  dNTP  (10  mM;  GIBCO,  Division  of  Life  Technologies), 
lx  RT  buffer  (Promega,  Madison,  WI),  200  U  of  MMLV  reverse 
transcriptase  (Promega),  and  20  U  of  rRNasin  RNAse  inhibitor 


TABLE  1  |  Antibodies. 

Antibody 

Concentration 

Supplier 

Mouse  anti-THBSI  mAb 

1:400 

Sigma 

Mouse  anti-PUU*  mAb 

1:100 

Dr.  Thomas  Ksiazek  (CDC) 

Mouse  anti-p-c-Jun  mAb 

1:100 

Santa-Cruz 

Rabbit  anti-NF-kB 

1:100 

Santa-Cruz 

Rabbit  anti-N  Protein 

1:500 

In  house 

Goat  anti-mouse-Alexa  488 

1:800 

Molecular  probes 

Donkey  anti-rabbit-Alexa  555 

1:800 

Molecular  probes 

*Hantavirus  (Puumala)  nucleocapsid  protein. 


(Promega)  in  a  20  p,L  total  reaction  volume.  After  incubation  for 
10  min  at  25°C,  the  reaction  proceeded  for  1  h  at  42°C  and  was 
terminated  by  heating  at  95°C  for  5  min.  cDNA  was  stored  at 
— 20°C  until  analyzed. 

TaqMan  analyses  were  performed  using  TaqMan  minor 
groove  binding  probes  on  an  ABI  Prism  7000  Sequence  Detection 
System.  Each  PCR  reaction  (25  p,L)  consisted  of  1  (JtL  of  cDNA, 
16  Platinum  qPCR  Supermix-UDG  (Life  Technologies),  200  nM 
of  each  primer,  and  100  nM  of  probe.  The  cDNA  of  each 
respective  sample  was  diluted  1:1000  with  nuclease  free  water 
before  TaqMan  analyses.  The  18S  ribosomal  gene  was  used  as  an 
endogenous  control  for  all  analyses.  Standard  curves  for  relative 
quantification  of  viral  S  segment  RNA,  cellular  genes,  and  18S 
RNA  were  created  using  serial  dilutions  of  cDNA  from  infected 
and  uninfected  control  samples  depending  on  specifics  of  the 
experimental  design.  All  TaqMan  reactions  were  performed  in 
triplicate.  In  TaqMan  experiments,  TaqMan  values  of  cellular 
gene  mRNA  were  normalized  against  TaqMan  values  for  the 
18S  gene  of  a  corresponding  sample.  For  some  experiments, 
normalized  values  were  expressed  as  relative  values  to  the 
same  gene  expressed  in  the  corresponding  control  group.  The 
sequences  of  primers  and  probe  for  THBS1  are  summarized  in 
Table  2. 

Statistical  Analysis 

Data  are  presented  as  mean  ±  SE.  Statistical  analyses  were 
performed  using  Students  f-test  for  comparisons  between 
individual  experimental  groups  (infected  and  non-infected). 
Significance  was  established  at  a  value  of  p  <  0.01. 

RESULTS 

Effect  of  ANDV,  HTNV,  and  PHV  Infection 
and  Cytokine  Treatment  on  THBS1 
Accumulation  in  the  Extracellular  Matrix  of 
HUVEC 

A  central  dogma  of  hantavirus  pathogenesis  is  that  virus 
replication  leads  to  endothelial  cell  dysregulation  (Connolly- 
Andersen  et  al.,  2014).  THBS1  is  an  extracellular  matrix  protein 


TABLE  2  |  Sequence  and  position  of  primers  and  probes  used  for  TaqMan. 


Gene 

Forward  primer 

Reverse  primer 

TaqMan  probe 

ANDV* 

tcacgccaggacgatttagg 

ggctttgacctgtgctggaa 

caattgcttgtggcctt 

(414-433) 

(472-453) 

(435-451 ) 

PHV* 

ggctgacaaagtaaaggcatt  cgtggctcagcctttaggaa 

tgaccagaaatgtco 

to  (738-760) 

(797-778) 

(761-776) 

HTV* 

gcagcagttagcctccttggt 

tgocgctgcogtaagtagt 

toctgoaacaaacagg 

(787-807) 

(845-827) 

(810-825) 

THBS1 

gaggcggoctococtat 

tcaacagtccattcctcgttatttc  tatcacaacggagttcag 

(1115-1131) 

(1180-1156) 

tac  (11 34-1 154) 

RANTES 

cccgcagaggaagcacaa 

gcgaagatttcccgtaaactttc 

aotacgcgggotgo 

(858-875) 

(919-897) 

(861-875) 

IL-6 

ctgcgcagctttaaggagttc 

ccatgctacatttgccgaaga 

oagtcoagoctgaggg 

(513-533) 

(574-554) 

(537-552) 

* Nucleocapsid  "S"  segment. 
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secreted  by  endothelial  cells  and  has  putative  roles  in  cell 
adhesion,  platelet  aggregation,  and  the  regulation  of  fibrinolysis 
(Silverstein  et  al.,  1984;  Roberts  et  al.,  2010).  With  this  in  mind, 
we  sought  to  determine  if  hantavirus  infection  and  replication 
affects  THBS1  accumulation  in  cultured  HUVEC.  Additionally, 
we  investigated  if  pathogenic  ANDV  and  HTNV  and  non- 
pathogenic  PHV  differ  in  their  abilities  to  influence  THBS1 
accumulation. 

HUVEC  monolayers  infected  with  ANDV,  HTNV,  and  PHV 
were  fixed  and  probed  by  immunohistochemistry  (IHC)  for 
THBS1  accumulation  in  the  extracellular  matrix  (Figure  1).  In 
mock-infected  cells,  THBS1  was  equally  distributed  throughout 
the  extracellular  matrix  (Figure  1A).  In  contrast,  accumulation 
of  THBS1  was  greatly  reduced  in  ANDV  and  HTNV  infected 


HUVEC  (Figures  1B,C,  respectively).  In  cells  infected  with 
PHV,  accumulation  of  THBS1  was  observed  throughout  the 
extracellular  matrix  similar  to  that  observed  in  uninfected  control 
cells  (Figure  ID). 

The  interactions  between  THBS1  and  transforming  growth 
factor  beta  (TGFfl)  are  complex.  TGFfl  can  regulate  the 
expression  of  extracellular  matrix  proteins,  including  THBS1 
(Negoescu  et  al.,  1995;  Nakagawa  et  al.,  2005).  Conversely, 
discrete  sequences  of  THBS1  have  been  shown  to  activate 
TGFp  (Schultz-Cherry  et  al.,  1995).  Therefore,  in  order  to 
investigate  the  effect  of  TGFf)  on  the  accumulation  of  THBS1  in 
hantavirus-infected  cells  we  duplicated  the  above  experiment  but 
supplemented  the  HUVEC  culture  media  with  TGFfl.  Treatment 
of  mock-infected  cells  with  TGFfl  did  not  significantly  affect 


ANDV 


HTNV 


PHV 


FIGURE  1  |  THBS1  accumulation  in  the  extracellular  matrix  of  HUVEC  monolayers  infected  with  pathogenic  (ANDV  and  HTNV)  and  non-pathogenic 
(PHV)  hantavirus  in  the  presence  and  absence  of  TGFp  or  TNFa.  Monolayers  were  infected  at  MOI  3,  with  the  indicated  strains,  treated  with  lOng/mL  of  TGFp 
or  TNFa,  and  fixed  at  72  h  PI.  Monolayers  were  stained  with  rabbit  anti-hantavirus  N  protein  polyclonal  antibody  followed  by  donkey  anti-rabbit-Alexa  555  secondary 
(red)  and  mouse  anti-THBSI  mAb  followed  by  a  goat  anti-mouse-Alexa  488  secondary  (green).  (A)  Mock  infected,  no  treatment;  (B)  ANDV  infected,  no  treatment;  (C) 
HTNV  infected,  no  treatment;  (D)  PHV  infected,  no  treatment;  (E)  Mock  infected,  TGFb  treated;  (F)  ANDV  infected,  TGFb  treated;  (G)  HTNV  infected,  TGFb  treated; 
(H)  PHV  infected,  TGFb  treated;  (I)  Mock  infected,  TNFa  treated;  (J)  ANDV  infected,  TNFa  treated;  (K)  HTNV  infected,  TNFa  treated;  (L)  PHV  infected,  TNFa  treated. 
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THBS1  accumulation  in  the  extracellular  matrix  (Figure  IE); 
however,  when  ANDV-infected  TGFfl  treated  and  non-treated 
cells  were  compared,  a  significant  increase  in  the  accumulation 
of  THBS1  was  observed  in  the  TGFp-treated  cells  (Figure  IF). 
Interestingly,  when  compared  to  untreated  cells,  TGFp  did  not 
substantially  affect  THBS1  accumulation  in  the  extracellular 
matrix  of  cells  infected  with  FITNV  and  PHV  (Figures  1G,H, 
respectively). 

Previous  reports  suggest  that  secretion  of  THBS1  by 
endothelial  cells  may  be  modulated  by  proinflammatory 
cytokines  such  as  tumor  necrosis  factor  alpha  (TNFot;  Morandi 
et  al.,  1994).  To  investigate  this  possibility  in  the  context 
of  hantavirus  infection,  lOng/mL  of  TNFot  was  added  to 
the  culture  media  of  hantavirus  infected,  and  mock-infected 
HUVEC.  Addition  of  TNFa  reduced  THBS1  accumulation  in 
the  extracellular  matrix  of  mock-infected  HUVEC  (Figure  II). 
THBS1  no  longer  appeared  equally  distributed  throughout  the 
monolayer  as  seen  in  the  mock-infected  control  without  TNFot 
treatment.  THBS1  accumulation  in  the  matrix  of  ANDV  and 
HTNV  infected  HUVEC  remained  low  after  treatment  with 
TNFa  (Figures  1J,K,  respectively).  Although  PHV  infection 
did  not  affect  accumulation  of  THBS1  in  the  extracellular 
matrix  of  untreated  cells,  TNFa  treatment  did  inhibited  THBS1 
accumulation  in  PHV  infected  cells  similar  to  that  of  uninfected 
controls  (Figure  1L). 

Transcriptional  Activation  of  THBS1  in 
Hantavirus  Infected  HUVEC 

The  effects  of  hantavirus  infection  and  TNFa  treatment  on 
THBS1  transcription  were  analyzed  using  TaqMan  (Figure  2). 
Untreated  and  TNFa-treated  (10  ng/mL)  HUVEC  were  infected 
with  ANDV,  HTNV,  PHV,  or  mock-infected  and  total  RNA  was 
collected  at  12,  24,  and  72  h  post  infection  (PI).  Pathogenic 
ANDV  and  HTNV  showed  significantly  reduced  transcriptional 


activity  of  THBS1  in  HUVEC  12  h  PI  when  compared  to  mock- 
infected  cells  ( p  <  0.01;  Figures  2.2,  2.3).  Transcription  of 
THBS1  RNA  in  ANDV  and  HTNV  infected  cells  returned  to 
the  levels  of  mock-infected  cells  at  72  h  PI  (Figures  2.2,  2.3). 
In  HUVEC  infected  with  non-pathogenic  PHV,  THBS1  RNA 
levels  did  not  differ  significantly  from  that  of  mock-infected 
HUVEC  at  all  time  points  PI  (Figure  2.4).  TNFa  treatment 
significantly  suppressed  THBS1  RNA  levels  in  mock-infected 
HUVEC  at  12,  24,  and  72  h  PI  compared  to  untreated  cells 
( p  <  0.01;  Figure  2.5).  THBS1  RNA  levels  were  reduced  in 
TNFa-treated  HUVEC  infected  with  pathogenic  ANDV  and 
HTNV  similar  to  that  of  uninfected  TNFa-treated  controls  at  all 
time  points  ( p  <  0.01;  Figures  2.6,  2.7).  Interestingly,  THBS1 
RNA  levels  in  PHV-infected  HUVEC  treated  with  TNFa  did  not 
differ  significantly  from  that  of  PHV-infected  cells  without  TNFa 
treatment  at  12  h  PI  (Figures  2.4,  2.8).  However,  THBS1  RNA 
levels  were  significantly  lower  in  PHV-infected  HUVEC  treated 
with  TNFa  as  compared  to  that  in  PHV-infected  cells  without 
TNFa  treatment  at  24  and  72  h  PI  (p  <  0.01;  Figures  2.4,  2.8). 

Effect  of  Hantavirus  Replication  on  THBS1 
Accumulation  in  the  Extracellular  Matrix  of 
HUVEC 

To  assess  if  an  active  infection  is  required  for  the  accumulation 
of  THBS1  in  the  extracellular  matrix,  HUVEC  were  inoculated 
with  ANDV  and  HTNV,  as  well  as  the  same  viruses  inactivated 
by  gamma  radiation.  Total  RNA  was  then  collected  at  selected 
time  points  after  inoculation  (1,  24,  48,  and  72  h  PI)  for 
evaluation  using  TaqMan.  ANDV  and  HTNV  S  segment  RNA 
was  measured  to  confirm  hantavirus  replication  (data  not 
shown).  Transcriptional  activity  of  THBS1  in  HUVEC  inoculated 
with  inactivated  ANDV  or  HTNV  did  not  differ  significantly 
from  that  of  mock-infected  HUVEC  at  all  selected  time  points 
(1,  24,  48,  and  72  h  PI;  Figure  3 A).  However,  the  levels  of 


FIGURE  2  |  Transcriptional  activation  of  THBS1  in  hantavirus  infected  HUVEC.  Cells  were  infected  with  pathogenic  (ANDV  and  HTNV)  and  non-pathogenic 
(PHV)  hantaviruses  at  MOI  3.  TNFa  was  used  at  1 0  ng/mL  where  indicated.  Total  RNA  was  collected  at  1 2,  24,  and  72  h  PI  and  used  to  determine  transcription  of 
THBS1  mRNA  by  TaqMan  analysis.  Values  of  THBS1  mRNA  were  normalized  to  the  1 8S  mRNA  in  the  corresponding  sample.  Relative  units  of  THBS1  mRNA  were 
obtained  by  dividing  normalized  THBS1  values  of  infected  cells  by  those  of  uninfected  controls.  Each  experiment  was  performed  three  times  and  each  TaqMan 
reaction  was  performed  in  duplicate.  (1)  Uninfected,  (2)  ANDV  infected,  (3)  HTNV  infected,  (4)  PHV  infected,  (5)  TNFa  treated,  (6)  TNFa  treated  and  ANDV  infected, 
(7)  TNFa  treated  and  HTNV  infected,  (8)  TNFa  treated  and  PHV  infected. 
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FIGURE  3  |  Effect  of  hantavirus  replication  on  THBS1  transcriptional 
activity  and  protein  expression  in  HUVEC.  Cells  were  inoculated  with 
gamma  radiation  inactivated  or  infectious  ANDV  and  HTNV  at  MOI  of  1 .  Total 
RNA  was  collected  and  used  to  evaluate  THBS1  transcription  (A).  Values  of 
THBS1  were  normalized  to  the  corresponding  values  of  18S  RNA.  Relative 
units  were  calculated  by  dividing  normalized  values  in  infected  group  by 
normalized  values  in  mock-infected  control  group.  To  determine  the  effect  of 
hantavirus  replication  on  THBS1  protein  accumulation  in  HUVEC  (B),  Total 
proteins  collected  from  HUVEC  inoculated  with  gamma  radiation  inactivated 
and  infectious  ANDV  and  HTNV  (MOI  1 ;  72  h  PI)  were  separated  by 
SDS-PAGE  and  transferred  onto  the  PVDF  membrane.  Membranes  were 
probed  with  anti-THBSI  mAb  followed  by  anti-mouse  HRP-conjugated 
secondary  antibody.  1 .  Mock  infected,  2.  Inactivated  ANDV,  3.  Inactivated 
HTNV,  4.  Infectious  ANDV,  and  5.  Infectious  HTNV. 
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FIGURE  4  |  Effect  of  hantavirus  replication  on  NF-kB  expression  and 
c-Jun  activation.  Total  proteins  collected  from  HUVEC  inoculated  with 
gamma  radiation  inactivated  and  infectious  ANDV  and  HTV  (MOI  of  1 ;  72  h  PI) 
were  separated  in  SDS-PAGE  and  transferred  onto  the  PVDF  membrane. 
Membranes  were  probed  with  anti-NF-kB  (A)  or  anti-phospho-c-Jun  (B)  mAbs 
followed  by  anti-mouse-HRP  conjugated  secondary  antibody. 


THBS1  RNA  were  significantly  lower  in  HUVEC  inoculated  with 
competent  ANDV  or  HTNV  at  each  selected  time  point  PI  when 
compared  to  cells  inoculated  with  inactivated  ANDV  or  HTNV 
( p  <  0.01;  Figure  3A).  The  effects  of  competent  and  gamma- 
irradiated  ANDV  and  HTNV  on  the  expression  of  THBS1  in 
HUVEC  were  also  analyzed  using  Western  blot  (Figure  3B). 
THBS1  expression  in  HUVEC  inoculated  with  gamma-irradiated 
ANDV  or  HTNV  did  not  differ  from  that  of  mock-infected 
HUVEC  (Figure  3B).  In  contrast,  cells  infected  with  competent 
ANDV  or  HTNV  showed  clear  reduction  in  THSB1  expression 
(Figure  3B). 


Effect  of  Hantavirus  Replication  on  c-Jun 
Activation  and  NF-kB  Expression 

Gamma-irradiation  hinders  virus  replication,  but  preserves  viron 
integrity,  thus  allowing  viral  proteins  to  interact  with  cellular 
proteins  in  the  absence  of  virus  replication.  Additionally,  it  has 
been  shown  that  the  expression  of  THBS1  can  be  inhibited 
by  activation  of  the  c-Jun  member  of  the  AP-1  family  of 
transcription  factors  (Bohmann  et  al.,  1987;  Curran  and  Franza, 
1988),  as  well  as  NF-kB  activation  (Cinatl  et  al.,  2000).  With  this 
in  mind,  we  sought  to  determine  if  viral  replication  was  required 
to  activate  these  transcription  factors.  We  observed  similar 
levels  of  NF-kB  expression  and  c-Jun  activation  in  HUVEC 
inoculated  with  inactivated  or  competent  ANDV  and  HTNV 
(Figures  4A,B,  respectively  at  72  h  PI).  These  observations 
suggest  NF-kB  expression  and  c-Jun  activation  are  independent 
of  virus  replication  and,  therefore,  are  unlikely  to  represent  the 
mechanism  of  THSB1  inhibition  by  hantaviruses. 


Activation  of  CCL5  and  IL-6  Expression  in 
HUVEC  Infected  with  ANDV,  HTNV,  and 
PHV 

Hantaviruses  may  affect  the  expression  of  THBS1  in  endothelial 
cells  by  indirect  mechanisms  such  as  by  promoting  cytokine 
and  chemokine  production.  At  least  two  cytokines,  TNFa  and 
interleukin- 1  (IL-1),  have  been  shown  to  suppress  THBS1 
expression  by  endothelial  cells  (Morandi  et  al.,  1994).  However, 
we  as  well  as  others  have  shown  that  hantavirus  infection  does  not 
activate  TNFa  or  IL-1  expression  in  endothelial  cells  (Sundstrom 
et  al.,  2001;  Geimonen  et  al.,  2002;  Khaiboullina  et  al.,  2004). 
Nevertheless,  we  have  previously  shown  that  hantaviruses 
promote  the  expression  of  CCL5  in  HUVEC  (Khaiboullina  et  al., 
2004).  During  the  course  of  these  previous  studies,  we  did  not 
observe  any  changes  in  IL-6  gene  expression  in  hantavirus- 
infected  cells  at  early  time  points  (3  and  12  h  PI;  Khaiboullina 
et  al.,  2004).  We  did  however  observe  that  the  transcriptional 
regulator  nuclear  factor  for  interleukin-6  (CCAAT/Enhancer 
Binding  Protein),  which  activates  IL-6  gene  expression  (Akira 
et  al.,  1990;  Kinoshita  et  al.,  1992),  was  upregulated  in  infected 
cells  (Geimonen  et  al.,  2002;  Khaiboullina  et  al.,  2004)  suggesting 
that  IL-6  expression  might  be  activated  at  a  later  time  point.  Based 
upon  these  data,  we  hypothesized  that  hantavirus-induced  CCL5 
and  IL-6  expression  may  lead  to  a  change  in  the  accumulation 
of  THBS1  in  HUVEC.  We  therefore  infected  HUVEC  with 
ANDV,  HTNV,  and  PHV  and  collected  total  RNA  at  selected  time 
points  (12,  24,  and  72  h  PI)  for  TaqMan  analysis  and  collected 
cell  culture  media  supernatants  for  cytokine  analysis  by  ELISA. 
Mock-infected  cells  were  used  as  controls. 

When  compared  to  mock-infected  cells,  HUVEC  infected 
with  ANDV,  HTNV,  and  PHV  were  observed  to  upregulate  levels 
of  CCL5  RNA  at  12,  24,  and  72  h  PI  (Figure  5A).  Additionally, 
transcription  of  IL-6  was  significantly  increased  in  HTNV  and 
PHV-infected  HUVEC  at  24  h  PI  and  increased  for  all  viruses 
at  72  h  PI,  when  compared  to  mock-infected  cells  ( p  <  0.01; 
Figure  5B).  Also,  the  levels  of  CCL5  and  IL-6  were  significantly 
increased  in  culture  supernatant  of  HUVEC  infected  with  ANDV, 
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HTNV,  and  PHV  at  72  h  PI  when  compared  to  mock- infected 
cells  ( p  <  0.01;  Figures  5C,D,  respectively). 

During  the  course  of  these  experiments,  we  observed  that 
the  maximum  concentration  of  CCL5  and  IL-6  found  in 
supernatants  of  hantavirus-infected  HUVEC  cultures  was  12  and 
50ng/mL,  respectively.  Therefore,  we  used  these  concentrations 
to  treat  uninfected  HUVEC  in  order  to  assess  the  effect  of  CCL5 
or  IL-6  on  THBS1  accumulation  in  the  extracellular  matrix.  No 
changes  in  THBS1  accumulation  were  observed  upon  treatment 
of  HUVEC  with  CCL5  or  IL-6  when  compared  to  untreated 
controls,  as  determined  by  Western  blot  analysis  (Figure  5E), 
suggesting  that  the  effect  was  not  strictly  the  result  of  these 
inflammatory  cytokines. 

DISCUSSION 

Although  it  has  been  suggested  that  the  high  viral  loads  observed 
in  the  endothelial  cells  of  those  with  HFRS  and  HPS  is  related 
to  disease  pathogenesis  (Yi  et  al.,  2014;  Bellomo  et  al.,  2015),  the 
mechanisms  of  pathogenesis  remains  unknown.  Hantaviruses  are 
not  cytopathic  in  vitro  (Pensiero  et  al.,  1992;  Sundstrom  et  al., 
2001;  Khaiboullina  et  al.,  2004),  and  no  pathological  evidence 
of  virus-induced  cell  death  has  been  reported  in  tissues  from 
fatal  hantavirus  cases  (Zhang  et  al.,  1987;  Zaki  et  al.,  1995).  The 


absence  of  virus-induced  cytopathicity  in  vitro  is  in  stark  contrast 
with  the  severe  vascular  disorders  observed  during  HPS  and 
HFRS  (Sargianou  et  al.,  2012;  Manigold  and  Vial,  2014).  For  this 
reason,  it  has  been  suggested  that  hantavirus  pathology  more 
likely  involves  a  dysregulation  of  the  infected  endothelial  cell’s 
ability  to  support  their  primary  function  as  a  blood-tissue  barrier 
(Connolly- Andersen  et  al.,  2014). 

In  this  report,  we  have  demonstrated  the  in  vitro  suppression 
of  THBS1  transcription  in  endothelial  cells  through  hantavirus 
infection.  We  additionally  show  that  hantavirus  infection 
reduces  THBS1  protein  accumulation  in  the  extracellular 
matrix  of  endothelial  cells.  Importantly,  the  inhibitory  effects 
of  hantavirus  infection  were  strain  specific,  whereby,  the 
pathogenic  hantaviruses  ANDV  and  HTNV  were  more  effective 
in  suppressing  the  extracellular  matrix  accumulation  of  THBS1. 
On  the  other  hand,  the  effects  of  the  non-pathogenic  PHV 
were  less  pronounced.  Additionally,  suppression  of  THBS1  was 
dependent  on  virus  replication  and  did  not  require  the  presence 
of  CCL5  or  IL-6.  Our  data  suggests  that  hantavirus  infection 
directly  influences  the  expression  and  accumulation  of  THBS1, 
an  endothelial  cell  protein  with  putative  roles  in  cell  adhesion, 
platelet  aggregation,  and  the  regulation  of  fibrinolysis  (Silverstein 
et  al.,  1984;  Roberts  et  al.,  2010).  These  data  support  a  mechanism 
of  disease  pathogenesis  characterized  by  decreased  expression 
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FIGURE  5  |  Transcriptional  activity  and  secretion  of  CCL5  and  IL-6  in  hantavirus-infected  cells.  Total  RNA  and  cell  culture  supernatants  were  collected  from 
hantavirus  infected  cells  at  1 2,  24,  and  72  h  PI.  Transcription  of  CCL5  (A)  and  IL-6  (B)  was  analyzed  using  TaqMan.  Levels  of  CCL5  (C)  and  IL-6  (D)  in  cell  culture 
media  were  determined  using  ELISA.  Effect  of  IL-6  and  CCL5  on  THBS1  expression  in  HUVEC  by  Western  blot  (E).  Total  proteins  were  collected  from  cells  either 
untreated,  treated  with  50  ng/mL  IL-6  or  1 2  ng/mL  of  CCL5  for  72  h.  Proteins  were  separated  by  SDS-PAGE,  transferred  onto  PVDF  membrane  and  probed  with 
anti-THBSI  mAb  antibodies  followed  by  anti-mouse-HRP  conjugated  secondary  antibody. 
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of  THBS1  in  infected  endothelial  cells,  which  in  turn  leads 
to  a  perturbation  of  normal  vascular  integrity,  and  possibly 
hemostasis,  which  ultimately  contribute  to  the  severe  vascular 
disorders  characteristic  of  pathogenic  hantavirus  pathology 
(Adams,  1997;  Sargianou  et  al,  2012;  Manigold  and  Vial,  2014). 
This  pathology  may  include  loss  of  renal  function,  capillary 
leakage,  and  thrombocytopenia  (Thakar  et  al.,  2005;  Garg  et  al., 
2011;  Sargianou  et  al.,  2012;  Vaheri  et  al.,  2013;  Latus  et  al., 
2015). 

Among  the  many  functions  of  THBS1,  three  are  of  particular 
interest  in  relation  to  hantavirus  pathogenesis:  first,  THBS1 
controls  vW  factor  multimer  sizes  (Xie  et  al.,  2001;  Pimanda 
et  al.,  2004).  vW  factor  mediates  adhesion  of  platelets  at  sites  of 
vascular  injury;  however,  only  the  very  large  vW  factor  multimers 
are  effective  in  promoting  platelet  adhesion  (Sadler,  1998;  Xie 
et  al.,  2001).  THBS1  can  reduce  intersubunit  disulfide  bonds 
of  vW  factor  leading  to  formation  of  smaller  multimers  that 
have  significantly  lower  activity  for  platelet  aggregation,  thus 
preventing  thrombosis  (Thakar  et  al.,  2005)  and  protecting  the 
integrity  of  vascular  endothelium  (Xie  et  al.,  2001). 

Second,  THBS1  suppresses  plasminogen  activator  inhibitor, 
which  allows  tissue  plasminogen  activator  and  urokinase 
plasminogen  activator  to  convert  plasminogen  into  plasmin, 
the  principal  enzyme  responsible  for  fibrin  degradation  in  the 
process  of  fibrinolysis  (Silverstein  et  al.,  1986;  Hogg  et  al.,  1992; 
Rabhi-Sabile  et  al.,  1998).  Accordingly,  an  absence  of  THBS1  and 
a  decrease  in  fibrinolysis,  may  lead  to  excessive  coagulation  and 
consumption  of  clotting  factors  (Lee,  1987).  However,  THBS1 
is  also  a  slow  tight-binding  inhibitor  of  plasmin  (Hogg  et  al., 
1992).  Therefore,  in  one  context  THBS1  may  increase  platelet 
aggregation,  but  in  another  context  prevents  blood  clots  from 
developing  and  becoming  problematic.  In  fact,  THBS1  released 
from  activated  platelets  participates  both  in  the  formation  as  well 
as  the  resolution  of  the  fibrin  clot  (Adams,  1997).  Accordingly, 
THBS1  likely  influences  the  balance  between  procoagulation  and 
anticoagulation  proteins,  in  a  context-dependent  manner,  thus 
regulating  blood  flow. 

Finally,  Bauer  et  al.  reported  that  circulating  THBS1  blocks 
endothelial-dependent  decreases  in  blood  pressure  by  limiting 
the  production  of  the  diffusible  vasodilator  nitric  oxide  (NO; 
Bauer  et  al.,  2010).  Consistent  with  this  observation,  and  in  the 
context  of  this  study,  Liu  et  al.,  reported  decreased  circulating 
levels  of  THBS1  in  subjects  with  HFRS  (Liu  et  al.,  2008).  These 
data  offer  an  alternative  mechanism  that  is  not  directly  related 
to  the  coagulation  cascade.  By  suppressing  THBS1  expression 
in  endothelial  cells,  hantaviruses  may  affect  normal  blood  flow 
by  decreasing  thrombolysis,  promoting  platelet  aggregation,  and 
increasing  vascular  permeability.  However,  it  should  be  noted 
that  blood  homeostasis  is  a  dynamic  process,  involving  many 
proteins.  THBS1  is  known  to  interact  with  as  many  as  50 
different  proteins  (Resovi  et  al.,  2014),  and  therefore,  the  precise 
mechanism  of  THBSl’s  involvement  may  be  indirect  or  through 
undetermined  interactions. 

In  a  previous  study  to  characterized  ANDV  infection 
in  its  native  host,  Peromyscus  maniculatus,  Spengler  et  al., 
reported  that  the  largely  anti-inflammatory  cytokine  TGFfl 
was  markedly  upregulated  (Spengler  et  al.,  2013).  They 


further  speculate  that  this  observation  may  explain  why 
ANDV  infection  in  not  associated  with  any  clinical  signs  of 
pathology  in  its  native  host.  We  observed  a  paucity  of  THBS1 
accumulation  in  the  extracellular  matrix  of  ANDV-infected 
HUVEC,  however,  when  ANDV-infected  cells  were  treated  with 
TGFp,  a  significant  increase  in  the  accumulation  of  THBS1 
was  observed  (Figure  IF).  We  also  observed  this  effect  to  be 
suppressed  in  the  presence  of  the  proinflammatory  cytokine 
TNFa.  Indeed,  it  has  been  reported  that  TNFa  antagonizes 
the  activities  of  TGFfl  and  is  believed  to  play  an  essential 
role  in  maintaining  the  stability  of  extracellular  matrix  proteins 
(Verrecchia  et  al.,  2000;  Verrecchia  and  Mauviel,  2004). 

As  shown  in  Figure  2,  treatment  of  HUVEC  with  TNFa  also 
suppressed  THBS1  gene  transcription  in  uninfected  endothelial 
cells.  In  fact,  THBS1  distribution  in  the  extracellular  matrix  of 
TNFa-treated  and  uninfected  endothelial  cells  appear  similar 
to  that  of  untreated  endothelial  cells  infected  with  pathogenic 
hantaviruses  (Figure  1).  Several  signal  transduction  pathways 
are  activated  by  TNFa  that  can  affect  THBS1  accumulation, 
including  c-Jun  and  NF-kB  transcription  activation  factors 
(Manna  et  al.,  1998;  Rahman,  2000).  For  instance,  Kim  and  Hong 
reported  that  decreased  THBS1,  in  response  to  the  inflammatory 
stimuli  phorbol  12-myristate  13-acetate,  was  regulated  by  c-Jun 
(Kim  and  Hong,  2000).  Our  data  suggest  that  hantavirus  infection 
activates  c-Jun;  therefore,  it  is  possible  that  TNFa  may  synergizes 
hantavirus-triggered  activation  of  transcription  factors  including 
those  involved  in  THBS1  accumulation.  Although  TNFa  is  not 
directly  produced  by  endothelial  cells,  an  increase  in  serum  TNFa 
has  been  reported  in  the  blood  of  hantavirus  infected  cases 
(Krakauer  et  al.,  1995). 

While  non-pathogenic  PHV  suppressed  the  accumulation  of 
THBS1  protein  in  endothelial  cells,  the  effect  was  less  pronounced 
when  compared  to  pathogenic  strains.  Similarly,  PHV  was 
not  a  strong  suppressor  of  THBS1  gene  transcription  when 
compared  to  pathogenic  hantaviruses.  These  data  suggest  that 
the  non-pathogenic  hantavirus  have  less  effect  on  the  expression 
of  endothelial  cell  proteins  involved  in  the  control  of  blood 
homeostasis  than  pathogenic  hantaviruses.  These  observations 
potentially  identify  a  mechanism  for  the  different  pathologies  of 
different  hantavirus  strains. 

Finally,  our  data  suggest  that  hantavirus  replication  is  required 
for  the  suppression  of  THBS1  accumulation.  Although  CCL5 
and  IL-6  upregulation  did  not  suppress  THBS1  accumulation, 
it’s  possible  that  c-Jun  may  be  involved.  It  has  been  shown 
for  several  other  viruses  that  viral  proteins  can  modulate  cell 
protein  transcription  by  interacting  with  transcription  activation 
factors.  For  example,  the  major  early  regulatory  protein  large 
T-Ag,  of  John  Cunningham  virus  (JC  virus),  can  interact  with 
AP-1  transcription  activation  proteins  (Kim  et  al.,  2003).  Also, 
hepatitis  C  virus  has  been  shown  to  activate  c-Jun  N-terminal 
kinase  and  p38  mitogen-activated  protein  (MAP)  kinase  (Erhardt 
et  al.,  2002).  The  mechanisms  of  transcription  factor  activation  by 
hantaviruses  remain  to  be  determined;  however,  it  is  possible  that 
viral  proteins  and/or  RNA-protein  complexes  may  be  involved  as 
suggested  by  the  activation  of  c-Jun. 

In  summary,  our  data  suggest  that  pathogenic  Andes  and 
Hantaan  virus  infection  of  endothelial  cells  suppress  the 
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accumulation  of  THBS1  in  the  extracellular  matrix  while  the 
non-pathogenic  Prospect  Hill  strain  display  little  inhibition. 
THBS1  interacts  with  numerous  members  of  the  coagulation 
cascade,  suggesting  a  mechanism  of  pathology.  However,  the 
pathophysiology  of  hantavirus  infection  is  complex  and  involves 
not  only  the  dysregulation  of  coagulation,  hyperinflammatory 
immune  responses  likely  play  an  important  role,  that  may  be 
independent  of  coagulation.  Although  the  involvement  of  THBS1 
suggests  a  potential  disease  mechanism,  further  studies  will 
be  required  to  fully  understand  its  involvement  in  the  disease 
process. 
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Hantavirus  pulmonary  syndrome  (HPS)  is  an  acute  zoonotic  disease  transmitted  primarily 
through  inhalation  of  virus-contaminated  aerosols.  Hantavirus  infection  of  endothelial 
cells  leads  to  increased  vascular  permeability  without  a  visible  cytopathic  effect.  For  this 
reason,  it  has  been  suggested  that  the  pathogenesis  of  HPS  is  indirect  with  immune 
responses,  such  as  cytokine  production,  playing  a  dominant  role.  In  order  to  investigate 
their  potential  contribution  to  HPS  pathogenesis,  we  analyzed  the  serum  of  hantavirus- 
infected  subjects  and  healthy  controls  for  68  different  cytokines,  chemokines,  angiogenic, 
and  growth  factors.  Our  analysis  identified  differential  expression  of  cytokines  that 
promote  tissue  migration  of  mononuclear  cells  including  T  lymphocytes,  natural  killer 
cells,  and  dendritic  cells.  Additionally,  we  observed  a  significant  upregulation  of  cytokines 
known  to  regulate  leukocyte  migration  and  subsequent  repair  of  lung  tissue,  as  well  as 
cytokines  known  to  increase  endothelial  monolayer  permeability  and  facilitate  leukocyte 
transendothelial  migration.  Conversely,  we  observed  a  downregulation  of  cytokines 
associated  with  platelet  numbers  and  function,  consistent  with  the  thrombocytopenia 
observed  in  subjects  with  HPS.  This  study  corroborates  clinical  findings  and  extends  our 
current  knowledge  regarding  immunological  and  laboratory  findings  in  subjects  with  HPS. 


Keywords:  hantavirus  pulmonary  syndrome,  serum,  cytokines,  chemokines,  growth  factors,  immune  response, 
hantaviruses 

Introduction 

Hantavirus  pulmonary  syndrome  (HPS)  is  a  severe  life  threatening  disease  caused  by  members  of 
the  genus  Hantavirus.  In  the  United  States,  these  members  include  Sin  Nombre  virus,  Bayou  virus, 
Black  Creek  Canal  virus,  and  New  York  virus,  while  South  American  members  include  Andes  virus 
and  Laguna  Negra  virus  (1-5).  Although  HPS  was  first  diagnosed  as  a  clinical  entity  in  1993  in 
response  to  the  four  corners  outbreak  (6),  retrospective  studies  have  identified  hantavirus-associated 
fatalities  as  early  as  1978  (7).  HPS  cases  have  been  reported  in  34  states  with  the  majority  occurring  in 
the  Southwestern  states;  however,  several  have  been  reported  in  the  Northwestern  and  Midwestern 
states.  Through  April  2014,  the  Center  for  Disease  Control  and  Prevention  has  confirmed  639  total 
cases  of  HPS  in  the  U.S.,  with  the  majority  occurring  in  New  Mexico  (94  cases),  Colorado  (81  cases), 
and  Arizona  (72  cases)  (8).  Although  the  prevalence  of  HPS  is  low  in  the  U.S.,  36%  of  all  reported 
HPS  cases  have  resulted  in  death,  underscoring  the  potential  impact  to  public  health. 
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Clinically,  HPS  manifests  with  fatigue,  fever,  muscle  pain, 
headache,  dizziness,  nausea,  and  vomiting  (9).  Soon  after  onset, 
individuals  present  with  bilateral  diffuse  interstitial  edema  resem¬ 
bling  acute  respiratory  distress  syndrome  (10).  Rapidly  progress¬ 
ing  pulmonary  edema,  myocardial  depression,  and  hypovolemia 
are  the  leading  cause  of  death  (11).  There  is  no  specific  treatment 
for  HPS;  therefore,  medical  care  is  mainly  supportive  with  early 
diagnosis  resulting  in  more  successful  outcomes. 

Hantaviruses  do  not  produce  a  visible  cytopathic  effect;  con¬ 
sequently,  it  is  believed  that  cytokines  produced  by  infected  cells 
either  directly  or  indirectly  lead  to  a  compromised  endothe¬ 
lial  monolayer,  which  in  turn,  leads  to  vascular  leakage. 
Indeed,  increased  numbers  of  cytokine-producing  cells  have  been 
observed  in  lung  and  spleen  tissue  of  HPS  cases  (12).  We  as  well 
as  others  have  demonstrated  that  endothelial  cells  produce  the 
chemokines,  CCL5  and  CXCL10,  when  infected  with  Sin  Nombre 
virus  (13,  14).  These  cytokines  are  strong  chemoattractants  for 
mononuclear  leukocytes  including  monocytes,  lymphocytes,  and 
natural  killer  (NK)  cells  (15,  16).  Expression  of  these  chemokines 
may  explain  the  postmortem  observation  of  monocytic  intersti¬ 
tial  pneumonia  in  fatal  HPS  cases;  however,  it  remains  to  be 
determined  whether  these  chemokines  are  expressed  during  active 
HPS.  In  contrast  to  CCL5  and  CXCL10  and  atypical  of  most  viral 
infections,  in  vitro  culture  studies  show  that  only  a  slight  upregu- 
lation  of  type  I  interferon  (IFN)  is  observed  when  endothelial  cells 
are  infected  with  hantaviruses.  These  data  are  also  consistent  with 
clinical  observations  that  suggest  that  a  robust  IFN-a  response  is 
not  characteristic  of  hantavirus  infection  (17,  18). 

Although  limited  data  exist  regarding  cytokine  expression  in 
subjects  with  HPS,  a  study  by  Borges  et  al.  evaluated  the  con¬ 
centrations  of  11  serum  analytes  by  ELISA.  A  cytokine  pro¬ 
file  was  reported  that  defined  the  differential  expression  of  a 
selected  number  of  Thl  and  Th2  cytokines  (19).  Specifically, 
they  observed  significantly  elevated  levels  of  IL-6,  IFN-y,  sIL- 
2R,  TNF-a,  and  decreased  IL-10  when  compared  to  controls, 
suggesting  that  activation  of  Thl  and  Th2-type  immune  responses 
are  involved.  While  ELISA  is  commonly  used  for  such  studies, 
it  has  limitations  such  as  the  necessity  of  a  large  sample  vol¬ 
ume  and  this  issue  is  compounded  when  one  wishes  to  ana¬ 
lyze  multiple  analytes.  High-throughput  multiplex  analysis  by 
Luminex  xMAP  technology  allows  the  simultaneous  detection 
and  quantitation  of  many  analytes  and  uses  a  small  amount  of 
serum  or  plasma.  In  the  present  study,  we  utilized  Luminex 
xMAP  technology  to  conduct  a  comprehensive  evaluation  of  68 
different  cytokines,  chemokines,  angiogenic,  and  growth  factors 
(hereafter  referred  to  collectively  as  cytokines)  in  subjects  with 
HPS,  including  38  cytokines  previously  not  investigated  in  asso¬ 
ciation  with  this  disease.  Changes  in  40  cytokines  were  detected 
in  the  serum  of  subjects  with  HPS  when  compared  to  healthy 
controls;  25  cytokines  were  significantly  upregulated  while  15  were 
downregulated.  A  subset  of  these  cytokines  known  to  influence 
the  migration  of  mononuclear  effectors  was  upregulated,  as  were 
cytokines  known  to  play  a  role  in  lung  microbial  defense  and  tissue 
repair.  Another  subset  of  cytokines  associated  with  thrombocyte 
counts  and  function  was  downregulated.  This  study  corroborates 
clinical  findings  and  extends  our  current  knowledge  by  provid¬ 
ing  a  more  comprehensive  basis  for  the  immune  responses  and 


morphology  observed  in  laboratory  and  histological  findings  in 
subjects  with  HPS. 

Materials  and  Methods 

Subjects 

Twelve  clinical  diagnostic  serum  specimens  collected  from  2008 
to  2012  by  the  Nevada  State  Health  Laboratory  (NSHL)  and  with 
a  confirmed  diagnosis  of  HPS  were  utilized  in  this  study.  The 
NSHL  serves  as  a  regional  reference  laboratory  and  routinely 
screens  subjects  suspected  of  having  HPS,  by  the  presence  of  anti¬ 
hantavirus  antibodies.  These  deidentified  diagnostic  specimens 
were  deemed  to  be  exempt  from  IRB  approval  by  the  University 
of  Nevada  (UNR),  Research  Integrity  Office  (Reference  #616225- 
1)  as  meeting  the  exemption  criteria  defined  by  the  Department 
of  Health  and  Human  Services  under  Human  Subject  Research 
Code  45  CFR  46. 1 02 (f ) .  Information  of  each  HPS  case  was  limited 
to  diagnosis,  gender,  and  antibody  titer  range.  Forty-two  serum 
samples  from  healthy  individuals  collected  under  informed  con¬ 
sent  were  used  as  controls  (Human  subjects  protocol  #  B12-031). 
Control  subjects  were  chosen  to  be  consistent  with  published 
demographics  of  typical  HPS  cases  regarding  age  and  gender 
(male  to  female  ratio  of  54-46%,  respectively,  and  mean  age  of 
39.4  years)  (20). 

HPS  Screening 

Serum  anti-hantavirus  antibody  titers  were  evaluated  by  ELISA, 
according  to  the  methods  described  by  Feldmann  et  al.  (21). 
Serum  dilutions  (1:100-1:6400)  were  tested  for  the  presence  of 
anti-hantavirus  IgG  and  IgM  using  recombinant  nucleocapsid 
protein  supplied  by  the  United  States  Centers  for  Disease  Control 
and  Prevention  (CDC,  Atlanta,  GA,  USA).  Subjects  with  antibody 
titers  greater  than  twofold  above  that  of  negative  controls  were 
considered  positive. 

Multiplex  Analysis 

The  levels  of  serum  cytokines  were  analyzed  using  Bio-Plex  (Bio- 
Rad,  Hercules,  CA,  USA)  multiplex  magnetic  bead-based  anti¬ 
body  detection  kits  following  the  manufacturer’s  instructions.  The 
Bio-Plex  Pro  Human  Chemokine  Panel  (40-Plex);  Bio-Plex  Pro 
Human  Thl7  Cytokine  Panel;  Bio-Plex  Pro  Human  Cytokine  27- 
plex  Panel;  and  Bio-Plex  Human  Cytokine  21-plex  Panel  were 
used  for  analysis  of  a  total  of  68  analytes.  Fifty  microliters  of 
serum  from  each  respective  case  and  control  was  analyzed  using 
a  Luminex  200  analyzer  with  MasterPlex  CT  control  software 
and  MasterPlex  QT  analysis  software  (MiraiBio,  San  Bruno,  CA, 
USA).  Standard  curves  for  each  analyte  were  generated  using  stan¬ 
dards  provided  by  manufacturer.  Serum  samples  from  HPS  cases 
were  heat  inactivated  and  tested  for  the  presence  of  infectious 
virus  prior  to  Luminex  analysis.  The  effect  of  heat  inactivation 
on  cytokine  stability  was  evaluated  and  those  that  could  not  be 
normalized  were  excluded  from  analysis. 

Statistical  Analysis 

Mann- Whitney  non-parametric  analysis  was  utilized  to  identify 
differences  in  medians  between  HPS  cases  and  controls.  In  addi¬ 
tion,  we  performed  classification  analysis  using  the  tree-based 
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ensemble  machine  learning  algorithm  Random  Forest  (RF)  (22). 
For  this  analysis,  500  random  trees  were  built  using  six  predictors 
for  each  node,  and  auto-bootstrap  out-of-bag  sampling  was  used 
for  testing  the  model  as  previously  described  (23). 

Results 

Anti-Hantavirus  Titer  in  HPS  Serum 

Twelve  serum  samples  from  subjects  suspected  of  having  han¬ 
tavirus  infection  were  tested  for  the  presence  of  anti-hantavirus 
IgG  and  IgM  antibodies.  Antibody  titers  twofold  greater  than 
those  of  the  control  samples  were  considered  diagnostic  for  han¬ 
tavirus  infection  (Table  1).  Previous  reports  suggest  that  anti¬ 
hantavirus  IgM  and  IgG  change  with  disease  progression  (24, 
25).  As  reported  by  MacNeil  and  coworkers,  early  stage  HPS  is 
characterized  by  high  IgM  titers  that  peak  within  11-14  days  after 
onset  whereas  cases  with  early  stage  HPS  often  have  no  SNV- 
specific  IgG  titer  (24).  In  contrast  to  IgM  titers,  median  IgG  titers 
typically  displayed  an  increasing  trend  for  a  longer  interval  after 
the  onset  of  disease.  In  light  of  the  deidentified  nature  of  our  HPS 
cases,  we  used  antibody  titers  to  assess  the  stage  of  their  illness. 
Six  of  our  cases  had  high  serum  titer  of  IgM  while  IgG  levels 
were  low  or  undetectable,  indicative  of  early  stage  disease.  For  the 
remaining  six  cases,  high  serum  titers  were  observed  for  both  IgG 
and  IgM,  consistent  with  late  onset  HPS. 

Differential  Expression  of  Serum  Cytokine  in  HPS 
Cases 

A  total  of  68  serum  cytokines  were  measured  for  HPS  cases  and 
controls  (Tables  2-4).  To  the  best  of  our  knowledge,  38  of  these 
cytokines  were  previously  uninvestigated  in  the  context  of  HPS 
(indicated  by  an  asterisk  in  Tables  2-4).  A  significant  increase 
in  the  serum  levels  of  25  of  68  (36.7%)  cytokines  were  observed 
for  the  HPS  cases  when  compared  to  healthy  controls  (Table  2). 
The  greatest  difference  was  observed  for  IL-6,  CXCL10,  CX3CL1, 
MIF,  and  MIG,  all  of  which  were  upregulated  fivefold  over  those 
of  controls  (p  <  0.001).  In  contrast,  15  of  68  (22.1%)  cytokines 
were  downregulated  in  HPS  cases  when  compared  to  controls 
(Table  3),  the  greatest  differences  were  observed  for  CXCL12, 
CCL21,  CCL22,  CCL27,  and  sCD40L  (p  <  0.001).  Additionally, 
the  majority  of  downregulated  cytokines  belonged  to  the  home¬ 
ostatic  and  inflammatory  chemokine  family.  Of  the  68  cytokines 


TABLE  1  |  Antibody  titer  in  serum  from  HPS  cases. 

Subject 

IgM  titer 

IgG  titer 

Stage 

1 

>6400 

<400 

Early 

2 

>6400 

<400 

Early 

3 

>6400 

<400 

Early 

4 

>400 

Negative 

Early 

5 

>400 

Negative 

Early 

6 

>400 

Negative 

Early 

7 

<6400 

>6400 

Late 

8 

<6400 

>6400 

Late 

9 

<6400 

>6400 

Late 

10 

<6400 

>6400 

Late 

11 

<6400 

>6400 

Late 

12 

<6400 

>6400 

Late 

investigated,  28  (41.2%)  were  not  statistically  different  when  com¬ 
paring  cases  and  controls  (Table  4). 

Analysis  of  Serum  Cytokines  in  Early  vs.  Late 
Stage  HPS 

In  order  to  investigate  the  possibility  that  differential  expression 
of  cytokines  occurs  between  subjects  with  early  and  late  stage 
HPS,  we  compared  these  two  subgroups  with  each  other  and  to 
healthy  controls.  Surprisingly,  we  observed  only  five  cytokines 
to  be  differentially  expressed  between  the  two  subgroups  of  HPS 


TABLE  2  |  Cytokines  upregulated  in 

HPS  cases  compared  to  healthy 

controls. 

Analyte  Case  (pg/mL), 

Control  (pg/mL), 

p  Value 

n  =  12 

n  =  41 

Upregulated  In  HPS  serum 


IL-1  a 

537.7  ±95.0 

179.12  ±  15.7 

0.0001 

IL-2RA 

455.3  ±84.6 

177.3  ±7.3 

0.0001 

IL-2 

1 1 .7  ±  3.6 

4.7  ±0.8 

0.005 

IL-3 

415.1  ±86.4 

140.5  ±11.4 

0.0001 

IL-6 

87.9  ±22.7 

10.8  ±  2.0 

0.0001 

IL-1 0 

49.2  ±31 .5 

15.7  ±1.1 

0.05 

IL-1 2(p40) 

927.3  ±175.1 

280.7  ±22.9 

0.0001 

IL-17A* 

23.3  ±6.8 

7.5  ±0.2 

0.0001 

IL-17F* 

74.3  ±  19.3 

17.9  ±  4.8 

0.0001 

IL-1 8* 

1651 .6  ±  495.1 

803.6  ±66.7 

0.006 

IL-22* 

42.1  ±  12.1 

22.7  ±0.5 

0.004 

CCL23* 

705.9  ±  102.5 

375.7  ±37.6 

0.0004 

CXCL10 

2834.2  ±913.5 

197.8  ±18.8 

0.0001 

CX3CL1  * 

1456.6  ±321 .2 

241 .3  ±13.2 

0.0001 

GM-CSF 

55.3  ±9.7 

14.2  ±  2.5 

0.0001 

M-CSF 

481 1. 7  ±  167.7 

415.1  ±26.5 

0.0001 

VEGF 

179.2  ±  122.7 

48.8  ±6.1 

0.05 

MIF* 

4779.9  ±  2229 

540.6  ±  70.5 

0.001 

CXCL9* 

2702.7  ±891 

355.0  ±  93.0 

0.0001 

TNFp 

227.9  ±26 

147.9  ±12.9 

0.007 

IFNa 

191 .9  ±26.2 

123.6  ±9.8 

0.005 

LIF* 

346.7  ±40.9 

216.9  ±10.7 

0.0001 

b-NGF* 

122.0±  13.8 

98.3  ±3.9 

0.03 

SCF* 

11 80.8  ±233.9 

469.3  ±  30.9 

0.0001 

TRAIL* 

391 .9  ±82.4 

266.7  ±14.8 

0.02 

TABLE  3  |  Cytokines  downregulated  in  HPS  cases  compared  to  healthy 
controls. 

Analyte 

HPS  (pg/mL), 
n  =  12 

Control  (pg/mL), 

/i  =  41 

p  Value 

Downregulated  in  HPS  serum 

CCL1* 

41. 7  ±0.3 

43.3  ±0.4 

0.03 

CCL5 

1210.5  ±  230 

5520.3  ±  670 

0.001 

CCL11 

18. 5±  0.9 

47.1  ±2.6 

0.0001 

CCL13* 

37.1  ±  10.2 

135.0  ±  14.1 

0.0005 

CCL17* 

70.4  ±31 .5 

241 .4  ±22.3 

0.0004 

CCL19* 

156.2  ±58.9 

418.5  ±38.1 

0.001 

CCL21* 

979 ± 193 

3504.6  ±  119 

0.0001 

CCL22* 

276.2  ±  101 

11 12.8  ±60.4 

0.0001 

CCL24* 

356.7  ±93.8 

597.8  ±49.5 

0.02 

CCL26* 

16.4  ±  2.5 

27.6  ±  1.9 

0.005 

CCL27* 

319.8  ±  65.7 

141 1 .4  ±  79.9 

0.0001 

CXCL6* 

25.7  ±44 

48.2  ±2.3 

0.0002 

CXCL12* 

166.7  ±32.7 

2367.3  ±104.3 

0.0001 

CXCL16* 

183.4  ±44.0 

618.3  ±27.9 

0.0001 

SCD40L 

89.3  ±54.4 

2014.2  ±128 

0.0001 
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TABLE  4 1  No  significant  difference  in  cytokine  expression  between  HPS  and 
healthy  controls. 


Analyte 

HPS, 

N  =  12  (pg/mL) 

Healthy  control, 
n  =  41  (pg/mL) 

p  Value 

IL-1 

4.59  ±0.1 

4.8  ±0.2 

0.52 

IL-1 RA 

93.7  ±50.7 

50.4  ±7.4 

0.15 

IL-1  P 

2.7  ±0.1 

7.9  ±1.9 

0.1 

IL-4 

64.9  ±5.2 

78.4  ±5.2 

0.18 

IL-5* 

6.3  ±0.6 

5.9  ±0.1 

0.27 

IL-7 

5.3  ±2.1 

5.5  ±0.5 

0.9 

IL-9* 

9.9  ±1.7 

19.7  ±11.9 

0.66 

IL-1 3 

8.7  ±0.5 

8.9  ±0.34 

0.59 

IL-1 5 

9.7  ±4.1 

5.7  ±0.07 

0.07 

L-16* 

252.2  ±53.4 

31 7.2  ±40.9 

0.4 

IL-21 

30.7  ±8.7 

30.1  ±6.0 

0.96 

IL-23 

102.6  ±25.3 

95.1  ±  17.4 

0.83 

IL-25* 

1.6  ±0.3 

2.4  ±0.3 

0.2 

IL-31* 

18.5  ±  3.2 

21 .4  ±2.2 

0.49 

IL-33* 

402.6  ±  125.7 

723.3  ±  100.0 

0.11 

CCL3 

18.3  ±  3.7 

43.9  ±9.5 

0.15 

CCL7* 

196.9  ±27 

169.1  ±23.1 

0.55 

CCL8 

75.8  ±  11.3 

95.8  ±6.8 

0.15 

CXCL1  * 

215.9  ±  34.9 

232.4  ±  13.4 

0.6 

CXCL2* 

236.8  ±37.7 

302.1  ±25.3 

0.2 

CXCL5* 

1085.8  ±230.1 

798.1  ±90.6 

0.43 

CXCL11* 

23.5  ±5.2 

41 ,3±  10 

0.35 

FGF* 

14.8  ±1.3 

20.7  ±2.7 

0.24 

GCSF 

26.2  ±  13 

26.4  ±3.3 

0.98 

HGF* 

973.7  ±284.6 

869.9  ±82.4 

0.64 

IFNy 

20.1  ±5.0 

15.4  ±1.6 

0.24 

DCGF-P* 

6605.8  ±  1808 

4692.7  ±353.1 

0.1 

PDGF 

889.9  ±  302 

1095.5  ±62.1 

0.29 

cases  (Table  5).  Of  these,  median  IL-33  and  CXCL6  levels  were 
greater  in  the  early  stage  subjects  whereas  median  CCL23,  CXCL1, 
and  TNF-P  were  greater  in  the  late  stage  subjects.  As  expected, 
differences  in  cytokine  expression  between  subgroups  and  con¬ 
trols  were  consistent  with  differences  observed  between  total  HPS 
cases  and  controls  (data  not  shown). 

Classification  of  Cytokines  by  Importance 

Given  the  complex  interactions  of  cytokines  with  immune  and 
non-immune  cells,  clarification  of  how  distinct  cytokines  con¬ 
tribute  to  a  pathological  situation  is  often  difficult  to  resolve. 
In  order  to  provide  insight  into  this  issue,  we  implemented  the 
machine  logic  algorithm  RF  to  analyze  our  data  set  and  potentially 
identify  the  most  important  cytokines  that  define  this  disease. 
For  our  analysis,  500  random  decision  trees  were  constructed 
with  six  predictors  at  each  node,  and  auto-bootstrap  out-of-bag 
sampling  was  implemented  to  test  the  accuracy  of  model.  This 
model  accurately  identified  HPS  cases  with  100%  specificity  and 
73.81%  sensitivity  (Table  6).  The  10  most  significant  cytokines 
for  delineating  HPS  in  decreasing  order  of  importance  are:  M- 
CSF,  CXCL16,  sCD40,  CXCL12,  CCL22,  IL-la,  CCL21,  IL-12p40, 
CCL17,  and  IL-lb. 

Discussion 

The  microvascular  endothelium  is  principal  target  of  hantavirus 
infection  in  humans  and  its  infection  in  lung  tissue  results  in 


significant  pathology  (26).  Infection  of  endothelial  cells  leads 
to  increased  vascular  permeability  without  an  observable  cyto- 
pathic  effect;  therefore,  the  pathogenesis  of  HPS  is  likely  indirect 
with  immune  responses,  such  as  cytokine  production,  playing  an 
important  role.  The  cytokines  that  we  observed  to  be  upregulated 
in  the  serum  of  HPS  cases  are  involved  in  a  number  of  antivi¬ 
ral  defense  mechanisms  including  proliferation,  maturation,  and 
activation  of  leukocytes,  as  well  as  survival  of  leukocytes,  and 
regulation  of  endothelial  monolayer  permeability  (Table  2).  High 
levels  of  IL-la,  IL-6,  MIF,  and  TNF-P  suggest  a  strong  proin- 
flammatory  milieu  in  the  serum  of  HPS  cases,  thus  promoting 
both  inflammation  and  activation  of  immune  responses.  We  also 
observed  stem  cell  proliferation  factors  to  be  upregulated,  poten¬ 
tially  promoting  the  proliferation  and  differentiation  of  subsets 
of  immune  effector  cells.  For  example,  proliferation  of  myeloid 
progenitors  is  strongly  supported  by  IL-3,  GM-CSF,  and  M-CSF. 
Increased  serum  concentrations  of  GM-CSF  and  M-CSF  also 
suggest  proliferation  of  monocytes  and  granulocytes  (neutrophils, 
eosinophils,  and  basophils).  Upregulation  of  the  pluripotent  fac¬ 
tor,  SCF,  was  also  observed  in  association  with  HPS,  suggesting 
increased  proliferation  of  T  lymphocytes,  NK  cells,  and  dendritic 
cells. 

We  observed  a  subset  of  15  serum  cytokines  to  be  downregu- 
lated  in  our  HPS  cases  (Table  4).  Twelve  of  these  cytokines  are 
involved  in  chemotaxis  of  lymphocytes,  such  as  B  cells,  T  cells,  and 
NK  cells,  to  sites  of  infection.  Some  of  these  cytokines,  including 
CCL22,  CXCL12,  and  CCL17,  are  associated  with  activation  of 
Th2-type  immunity  and  are  potent  recruiters  of  Th2  cells  to  the 
lungs,  as  well  as  activators  of  pre-B  cells  (27-29).  A  number 
of  cytokines  identified  as  differentially  expressed  in  the  present 
study  are  consistent  with  putative  immune  responses  of  lung 
tissue.  For  example,  we  observed  the  upregulation  of  serum  IL- 
17F,  CXCL16,  and  IL-22,  which  are  involved  in  the  regulation 
of  leukocyte  migration  into  lung  tissue,  as  well  as  lung  tissue 
repair  (30-33).  Upregulation  of  IL-17F  has  also  been  observed  in 
the  lung  tissue  of  asthmatic  cases  and  its  level  positively  corre¬ 
lated  with  disease  severity  (30,  34,  35).  Overexpression  of  IL-17F 
promotes  neutrophil  infiltration  and  increased  airways  sensitivity 
and  thus  has  a  significant  impact  on  lung  function  (35).  IL-22 
is  considered  a  key  cytokine  for  mucosal  tissue  repair  (36)  and 
by  activating  antimicrobial  responses  in  lung  epithelial  cells;  it 
has  been  shown  to  be  critical  for  host  defense  as  well.  Also,  IL- 
22  promotes  lung  epithelial  cell  proliferation  (37)  and  therefore, 
based  on  our  analyses,  the  cytokine  profile  observed  in  our  HPS 
cases  is  consistent  with  a  pulmonary  antimicrobial  response  and 
subsequent  mononuclear  cell  migration  into  the  lung. 

The  serum  cytokine  profile  observed  in  our  HPS  subjects  also 
suggests  a  mobilization  of  mononuclear  immune  effector  cells 
(Table  2).  IL-12(p40)  is  an  autocrine  chemoattractant  released 
by  activated  macrophages  and  promotes  Thl-type  immunity  (38, 
39).  Additionally,  serum  levels  for  several  potent  T  lymphocyte 
and  NK  chemoattractants  were  upregulated,  including  CXCL10, 
MIG,  and  CCL23  (15,  16,  40,  41).  MIF  and  VEGF,  which  are 
regulators  of  mononuclear  cell  transendothelial  migration,  were 
upregulated  as  well.  Migration  of  leukocytes  can  also  be  facili¬ 
tated  by  the  upregulation  of  adhesion  molecules  on  the  surface  of 
endothelial  cells  in  response  to  VEGF,  IL-la,  and  IL-6  (42,  43). 
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TABLE  5  |  Serum  cytokine  profile  during  early  and  late  stages  of  HPS. 

Analyte 

HPS  early  (pg/mL) 

HPS  late  (pg/nL) 

Control  (pg/mL) 

p  Value* 

p  Value** 

p  Value*** 

IL-1  a 

316.3  ±60.4 

545  ±98.1 

179.12  ±  15.7 

0.006 

0.0001 

IL-2RA 

345.5  ±92.5 

454.9  ±44.2 

177.3  ±7.3 

0.001 

0.0001 

IL-2 

1 1 .9  ±  5.5 

10.1  ±4.6 

4.7  ±0.8 

0.02 

IL-3 

269.3  ±39.8 

331 .6  ±87.2 

140.5  ±11.4 

0.0004 

0.0002 

IL-6 

50.4  ±30.5 

109.9  ±25.9 

10. 8±  2.0 

0.003 

0.0001 

IL-1 0 

34. 6±  12.4 

14. 6±  0.5 

15.7  ±  1 .1 

0.02 

IL-1 2(p40) 

613.9  ±77.3 

815.1  ±  196.3 

280.7  ±  22.9 

0.0001 

0.0001 

IL-1 5 

13.8  ±  7.5 

5.6  ±0.4 

5.7  ±4.1 

0.008 

IL-17A 

20.1  ±6.2 

24.6±  10.5 

7.5  ±0.2 

0.0001 

0.001 

IL-17F 

61.0  ±24.8 

52.7  ±  10.7 

17.9  ±  4.8 

0.009 

0.03 

IL-22 

32.2  ±  12.5 

55.8  ±24.4 

22.7  ±0.5 

0.0005 

IL-33 

651.5  ±  179.2 

74.5  ±  19.3 

723.3  ±100 

0.03 

CCL5 

1339.8  ±409.3 

1 168.7  ±  182.5 

5520.3  ±  670 

0.02 

0.05 

CCL11 

20.0  ±1.3 

17.5  ±  0.6 

47.1  ±2.6 

0.0002 

0.0009 

CCL17 

124.1  ±51.5 

17.7  ±  5.6 

241 .4  ±22.3 

0.003 

CCL19 

250.1  ±64.4 

126.3  ±32.9 

319.6±38.1 

0.02 

CCL21 

732.9  ±  136.8 

1185.5  ±303.1 

3504.6  ±  119 

2.8E-1 1 

0.0001 

CCL22 

458.6  ±  159.4 

108.5  ±39.9 

1 1 12.8  ±  60.4 

0.0004 

0.0001 

CCL23 

489.8  ±  112.4 

990.7  ±  122.7 

375.7  ±37.6 

0.0001 

0.02 

CCL24 

229.5  ±53.3 

608.2  ±  180.2 

597.8  ±49.5 

0.007 

CCL26 

18.5  ±  4.3 

13.9  ±  2.6 

27.6  ±1.9 

0.03 

CCL27 

306.4  ±91 .9 

391 .2  ±97.1 

141 1.4  ±79.9 

0.0001 

0.0003 

CXCL1 

470.0  ±50.8 

954.3  ±  176.8 

232.4  ±  13.4 

0.03 

0.01 

CXCL5 

2005.6  ±  1072.8 

225.0  ±49.9 

708.1  ±90.6 

0.02 

CXCL6 

32.9  ±8.3 

21 .3  ±  10.9 

48.2  ±2.3 

0.04 

0.003 

CXCL10 

2785.2  ±  146.2 

3843.1  ±  1266 

197.8±  18.8 

0.0001 

0.0001 

CXCL12 

191.1  ±47.2 

181 .0  ±  42.6 

2367.3  ±104.3 

0.0001 

0.0001 

CXCL16 

201. 5  ±73.8 

175.2  ±29.9 

618.1  ±27.9 

0.0001 

0.0001 

CX3CL1 

1020.4  ±440.6 

1710.3  ±  309.1 

241 .3  ±13.2 

0.0001 

0.0001 

GM-CSF 

67.3  ±9.7 

43.6±  16.6 

14.2  ±  2.5 

0.0001 

0.005 

DCGF-P 

4611  ±  1036.1 

11 21 5.6  ±3269 

4692.7  ±353.1 

0.0002 

LIF 

253.3  ±39.1 

386.8  ±50.4 

216.9±  10.7 

0.0001 

M-CSF 

1721. 7  ±475. 2 

3563.8  ±  1221.1 

415.1  ±26.5 

0.0001 

0.0001 

MIG 

2924.6±  1596.1 

3152.6  ±2746.3 

355.0  ±93.0 

0.0003 

0.0001 

MIF 

1977.3  ±540.6 

666.2  ±  200.9 

540.6  ±70.5 

0.008 

0.0001 

SCD40L 

157.8  ±  85.1 

15.7  ±  4.3 

2014.2  ±128 

0.0001 

0.0001 

SCF 

798.8  ±207.6 

1390. 8±  443.1 

469.3  ±30.9 

0.006 

0.0001 

TNFP 

167±  16.4 

226.9±  16.1 

147. 9±  12.9 

0.04 

VEGF 

286.5  ±48.8 

101 .4  ±28.5 

48.86.1 

0.01 

0.02 

‘p  value  early  phase  to  control;  "p  value  late  phase  to  control;  "'p  value  early  to  late  phase. 


MIF  and  VEGF  promote  expression  of  the  adhesion  molecules, 
E-selectin,  ICAM-1,  and  VCAM-1,  and  increase  vascular  perme¬ 
ability  (44,  45).  Additionally,  VEGF  can  decrease  tight  junctions 
between  endothelial  cells  enabling  transmigration  of  immune 
effector  cells  (42,  46).  The  observed  increased  serum  levels  of 
CXCL1,  which  may  lead  to  release  of  VEGF-A  from  hantavirus- 
activated  endothelial  cells,  further  suggests  that  upregulation  of 
VEGF  plays  a  role  in  HPS  (47,  48). 

Cytokines  including  CXCL10,  MIF,  MIG,  IL-12(p40),  IL-17A, 
and  CCL23  are  known  to  promote  proliferation  and  migra¬ 
tion  of  mononuclear  immune  cells,  such  as  T  lymphocytes,  NK 
cells,  monocytes,  and  dendritic  cells  (15,  49-51).  Consequently, 
our  data  support  the  previous  observations  of  others  whereby 
mononuclear  cell  and  immunoblasts  are  the  principal  cellu¬ 
lar  infiltrate  in  the  lungs  of  HPS  cases  (12).  Nevertheless,  the 
observed  cytokine  expression  also  is  consistent  with  the  activation 
and  migration  of  neutrophils.  Previous  studies  suggest  that  the 
cytokines,  IL-17F,  VEGF,  CXCL1,  GM-CSF,  and  IL-22,  promote 
neutrophil  migration  and  lung  tissue  repair  (52-54).  These  data 


corroborate  a  previous  report  by  Mori  et  al.,  who  observed  low- 
level  neutrophil  infiltration  in  the  lungs  of  HPS  case  (12).  Interest¬ 
ingly,  serum  level  of  CXCL8,  the  prototype  neutrophil  chemoat¬ 
tractant,  was  not  significantly  elevated  in  the  HPS  cases  in  our 
study;  however,  it  was  identified  as  one  of  the  top  10  cytokines  by 
our  RF  analysis,  suggesting  its  expression,  or  lack  thereof,  plays  an 
important  role  in  HPS  pathology.  Our  data  further  suggest  that  a 
Thl7  shift  occurs  in  HPS  (55).  In  the  presence  ofIL-23,  non-Thl7 
cells  can  produce  IL-17  (56);  however,  we  observed  no  differential 
expression  of  serum  IL-23  in  HPS  cases.  Therefore,  it  is  likely  that 
activated  Thl7  lymphocytes  were  the  source  of  IL-17  in  the  serum 
of  our  HPS  cases. 

Expression  of  IL-17  and  IL-22  in  HPS  suggests  a  developing 
antimicrobial  state  in  the  lung.  It  has  been  reported  that  IL-17 
and  IL-22  activate  P-defensins  and  the  SI 00  family  of  proteins 
(52,  57).  In  vivo  studies  using  knockout  mice  have  demonstrated 
that  IL-17  and  IL-22  are  crucial  for  bacterial  defense  in  the  lung 
(58,  59).  Furthermore,  it  has  been  reported  that  IL-17R  signaling 
is  mandatory  for  the  establishment  of  an  antibacterial  response 
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TABLE  6  |  Random  forest  analysis  of  serum  cytokines  in  HPS  vs.  controls. 


Variable 

Score  (%) 

Changes  in  HPS  serum 

Variable 

Score  (%) 

Changes  in  HPS  serum 

M-CSF 

100.0000 

Upregulated 

IL-17F 

19.4733 

Upregulated 

CXCL16 

98.7888 

Downregulated 

CCL3 

19.1369 

Unchanged 

SCD40L 

96.8968 

Downregulated 

CCL1 

18.8358 

Downregulated 

CXCL12 

85.5322 

Downregulated 

CXCL1 1 

18.5085 

Unchanged 

CCL22 

78.4301 

Downregulated 

DCGFB 

17.9953 

Unchanged 

IL-1  a 

74.0061 

Upregulated 

IL-4 

17.7238 

Unchanged 

CCL21 

70.3732 

Downregulated 

IL-25 

17.4077 

Unchanged 

IL-1 2(p40) 

62.9938 

Upregulated 

IL-33 

16.6915 

Unchanged 

CCL17 

62.8689 

Downregulated 

CCL7 

16.5016 

Unchanged 

IL-1  P 

61.4314 

Unchanged 

TRAIL 

15.7741 

Upregulated 

CCL5 

61 .0088 

Downregulated 

IL-9 

14.3617 

Unchanged 

IL-3 

58.5351 

Upregulated 

IL-1 8 

12.0276 

Upregulated 

CCL13 

58.0210 

Downregulated 

IL-7 

10.5668 

Unchanged 

CXCL9 

52.4830 

Upregulated 

IL-22 

10.2808 

Upregulated 

CXCL10 

50.3664 

Upregulated 

CXCL2 

9.3174 

Unchanged 

CCL11 

48.5759 

Downregulated 

MIF 

8.8718 

Upregulated 

CCL27 

46.5450 

Downregulated 

IL-1 6 

8.8434 

Unchanged 

CXCL5 

46.0115 

Unchanged 

b-NGF 

7.9004 

Upregulated 

CX3CL1 

45.6097 

Upregulated 

IL-31 

7.0565 

Unchanged 

GM-CSF 

43.1944 

Upregulated 

IL-1 0 

6.3552 

Upregulated 

IFNa 

41.2777 

Upregulated 

CCL8 

6.1227 

Unchanged 

LIF 

40.7034 

Upregulated 

IL-17A 

5.3501 

Upregulated 

CCL24 

39.4832 

Downregulated 

INFG 

4.9877 

Unchanged 

IL-2RA 

38.9993 

Upregulated 

GCSF 

4.4335 

Upregulated 

PDGF 

36.2886 

Unchanged 

IL-1 

4.1642 

Unchanged 

CCL19 

34.6337 

Downregulated 

FGF 

4.0244 

Unchanged 

IL-6 

31 .5406 

Upregulated 

HGF 

3.9312 

Unchanged 

CXCL6 

30.4604 

Downregulated 

IL-1  RA 

3.5669 

Unchanged 

IL-1 5 

25.5225 

Unchanged 

CXCL1 

3.3770 

Unchanged 

TNFP 

24.6500 

Upregulated 

IL-5 

2.6487 

Unchanged 

SCF 

24.2768 

Upregulated 

IL-23 

2.2930 

Unchanged 

IL-2 

22.9123 

Upregulated 

VEGF 

0.9825 

Upregulated 

CCL26 

21 .2675 

Downregulated 

IL-1 3 

0.0038 

Unchanged 

CCL23 

20.7866 

Upregulated 

to  M.  pneumoniae ,  systemic  fungal  infection,  B.  fragilis,  and  E. 
coli  (60-63).  Consistent  with  this  statement,  a  protective  role  for 
IL-22  was  recently  reported  for  experimental  influenza  A  virus 
infection  (64). 

We  also  observed  a  subset  of  cytokines  involved  in  the  reg¬ 
ulation  of  platelet  counts  and  function  to  be  downregulated 
in  the  serum  of  our  HPS  subjects,  including  sCD40L,  CCL5, 
CCL22,  and  CXCL12  (Table  3).  Consistent  with  our  observations 
and  the  pathophysiology  of  HPS,  CXCL12  and  CCL22  act  on 
platelets  to  rapidly  stimulate  their  adhesion  (65),  and  CCL5  and 
sCD40L  are  released  by  activated  platelets  (66-68).  Wenzel  and 
coworkers  reported  that  serum  levels  of  sCD40L  closely  correlate 
with  platelets  counts  and  that  they  are  increased  upon  thrombo¬ 
cyte  transfusion  (69).  Viallard  et  al.  also  reported  a  correlation 
between  thrombocyte  counts  and  serum  sCD40L,  implying  that 
it  may  be  used  as  a  surrogate  marker  for  platelet  counts  (66). 
Decreased  thrombocyte  counts  are  also  well  documented  in  asso¬ 
ciation  with  HPS  (2,  70)  and  our  observation  of  downregulated 
sCD40L  presents  a  potential  biomarker  for  the  thrombocytopenia. 
Notwithstanding,  decreased  serum  CCL22  might  also  reflect  the 
development  of  the  thrombocytopenia  observed  in  HPS  cases.  It 
has  been  shown  that  CCL22  is  capable  of  aggregating  platelets 
in  the  presence  of  low  concentrations  of  thrombin  or  adenosine 
diphosphate  (ADP),  and  can  rapidly  stimulate  platelets  adhesion 


(65).  It  is  noteworthy  that  endothelial  cells  do  not  produce  this 
cytokine;  dendritic  cells  are  the  main  source  of  CCL22  (71 ).  There¬ 
fore,  the  thrombocyte  aggregation  and  depletion  observed  in  HPS 
may  be  the  result  of  cytokine-driven  immune  responses. 

Serum  levels  of  CCL21  and  CCL27  were  also  downregulated 
in  the  serum  of  our  HPS  subjects.  These  cytokines  have  tissue- 
specific  activity;  for  example,  CCL21  orchestrates  dendritic  cell 
and  T  cell  trafficking  to  the  lymph  nodes  (72-74)  and  CCL27  reg¬ 
ulates  migration  of  immune  effector  cells  to  the  skin  (75).  Taken 
together,  these  findings  suggest  that  the  cytokines  expressed  dur¬ 
ing  HPS  promote  lung  tissue  infiltration  while  reducing  leukocyte 
trafficking  to  other  organs  and  tissues. 

In  order  to  investigate  the  contribution  of  each  respective 
cytokine  to  the  disease  process,  we  conducted  classification  anal¬ 
ysis  by  RF.  Of  the  10  most  important  cytokines  identified  by 
this  analysis,  3  were  significantly  upregulated,  as  determined 
by  Mann- Whitney  analysis;  however,  we  also  observed  6  to  be 
downregulated.  This  observation  underscores  the  importance  of 
cytokine  inhibition  in  the  disease  process  and  further  suggests 
that  depressed  serum  cytokine  expression  may  be  an  important 
biomarker  for  monitoring  disease  progression. 

Overall,  the  majority  of  downregulated  serum  cytokines  were 
associated  with  Th2-type  immune  activation;  these  included 
CCL21,  CCL17,  CCL13,  and  CCL11.  Furthermore,  the  cytokines 
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significantly  upregulated  in  HPS  cases  were  those  promoting 
Thl-type  immunity;  these  included  CXCL9,  CXCL10,  and  IL- 
12(p40).  The  cytokines  M-CSF,  CXCL12,  IL-3,  LIF,  GM-CSF, 
CCL24,  which  facilitate  activation,  differentiation,  and  bone  mar¬ 
row  mobilization  of  myeloid  progenitors,  were  also  identified  by 
RF  analysis  to  differentiate  HPS  cases  from  controls.  RF  analysis 
further  identified  chemokines  associated  with  platelet  aggregation 
as  important  in  differentiating  cases  from  controls.  Interestingly, 
sCD40L  and  CXCL12  were  ranked,  respectively,  as  the  third  and 
fourth  most  import  cytokine  in  our  RF  analysis.  Chemokines,  such 
as  sCD40L,  CXCL12,  and  CCL17,  which  are  stored  in  platelet 
granules,  are  released  upon  platelet  aggregation,  a  process  that  is 
critical  in  HPS  pathology  (2,  76-78).  Accordingly,  nadir  platelet 
counts  in  HPS  may  explain  low  serum  CXCL1,  CCL17,  and 
sCD40.  Taken  together,  RF  analysis  supports  the  supposition  that 
HPS  pathogenesis  may  be  characterized  by  Thl-type  immune 
responses  and  thrombocytopenia. 

In  summary,  our  data  suggest  that  HPS  is  characterized 
by  a  serum  cytokine  profile  that  is  consistent  with  putative 
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immune  responses  in  lung  tissue.  Strong  activation  of  mononu¬ 
clear  immune  effectors  including  T  lymphocytes,  NK  cells,  and 
dendritic  cells  is  also  suggested  by  this  cytokine  profile.  Addition¬ 
ally,  our  data  imply  that  decreased  counts  and  increased  aggre¬ 
gation  of  thrombocytes  in  HPS  might  be  explained  in  part  by 
the  immune  response  to  viral  infection.  Lastly,  to  the  best  of  our 
knowledge,  our  data  provide  the  first  evidence  of  Thl7  lympho¬ 
cyte  activation  in  association  with  HPS.  The  data  presented  in  this 
study  are  suggestive  of  putative  in  vivo  immune  mechanisms  and 
may  identify  the  role  of  these  cytokines  in  HPS  pathophysiology; 
however,  future  studies  using  animal  models  would  be  necessary 
to  definitively  confirm  their  involvement. 
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ABSTRACT 

Background  Plasmacytoid  dendritic  cells  (pDCs)  are  multifunctional  bone-marrow-derived  immune  cells  that 
are  key  players  in  bridging  the  innate  and  adaptive  immune  systems.  Activation  of  pDCs  through  toll-like 
receptor  agonists  has  proven  to  be  an  effective  treatment  for  some  neoplastic  disorders. 

Materials  and  methods  In  this  mini-review,  we  will  explore  the  fascinating  contribution  of  pDCs  to  neoplastic 
pathology  and  discuss  their  potential  utilization  in  cancer  immunotherapy. 

Results  Current  research  suggests  that  pDCs  have  cytotoxic  potential  and  can  effectively  induce  apoptosis  of 
tumour-derived  cells  lines.  They  are  also  reported  to  display  tolerogenic  function  with  the  ability  to  suppress 
T-cell  proliferation,  analogous  to  regulatory  T  cells.  In  this  capacity,  they  are  critical  in  the  suppression  of 
autoimmunity  but  can  be  exploited  by  tumour  cells  to  circumvent  the  expansion  of  tumour-specific  T  cells, 
thereby  allowing  tumours  to  persist. 

Conclusion  Several  forms  of  skin  cancer  are  successfully  treated  with  the  topical  drug  Imiquimod,  which 
activates  pDCs  through  toll-like  receptor  7  engagement.  Additionally,  pDC-based  anticancer  vaccines  have 
shown  encouraging  results  for  the  treatment  of  melanoma  in  early  trials.  Future  studies  regarding  the  contri¬ 
butions  of  pDCs  to  malignancy  will  likely  afford  many  opportunities  for  immunotherapy  strategies. 

Keywords  Cancer,  immunity,  pDC,  plasmacytoid  dendritic  cells,  tolerance,  tumour. 
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Introduction 

Plasmacytoid  dendritic  cells  (pDCs)  are  a  unique  population  of 
bone-marrow-derived  immune  cells  that  bridge  the  innate  and 
adaptive  immune  systems.  They  are  remarkable  in  that  they  are 
the  only  immune  cell  to  serve  two  professional  roles,  one  as 
interferon  (IFN)-producing  cells  and  the  other  as  antigen- 
presenting  cells  (APCs).  Although  accounting  for  only  0-3-0-5% 
of  peripheral  blood  cells,  pDCs  are  responsible  for  over  95%  of 
type  I IFN  produced  by  circulating  lymphocytes  [1].  Activation 
of  pDCs  and  the  subsequent  production  of  IFN  occur  as  the 
result  of  a  signalling  cascade  that  initiates  through  the  receptor- 
ligand  interactions  of  pattern  recognition  receptors  (reviewed 
by  Lombardi  and  Khaiboullina  [2]).  pDCs  are  primarily  acti¬ 
vated  through  the  engagement  of  endosomally  located  toll-like 
receptors  (TLR)-7  and  TLR-9,  by  ssRNA  [3,4]  or  nonmethylated 
and  CpG  DNA  [5,6],  respectively  (Fig.  la),  which  are  common 
to  microbial  genomes,  such  as  viruses  or  their  replicative 
intermediates.  pDCs  are  also  known  to  produce  type  I  IFN  in 
response  to  double-stranded  dsRNA,  probably  through  the 


engagement  of  protein  kinase  R  (PRK)  [7],  although  their 
response  to  dsRNA  is  less  well  characterized.  Similar  to  other 
TLRs,  (with  the  notable  exception  of  TLR-3),  TLR-7  and  TLR-9 
utilize  the  universal  adapter  protein  MyD88  (myeloid  differ¬ 
entiation  primary  response  88),  which  acts  via  the  constitu- 
tively  expressed  transcription  factor  IRF7  and  the  inflammatory 
transcription  factor  NF-kB,  thereby  initiating  transcription  of 
type  I  and  III  IFN,  or  inflammatory  cytokines  and  chemokines, 
respectively  [8-10].  Upon  activation,  pDCs  also  undergo  phe¬ 
notypic  changes  resulting  in  the  upregulation  of  costimulatory 
molecules,  including  CD40,  CD80,  CD86.  They  ultimately 
develop  into  more  'conventional'  dendritic  cells  (cDC)  with 
classical  DC  morphology  and  the  ability  to  present  and 
cross-present  antigens  in  the  context  of  MHC  and  costimulatory 
molecules  to  naive  and  memory  T  cells  [11]. 

Over  the  last  decade,  our  understanding  of  pDCs  biology  has 
greatly  expanded  but  this  expansion  has  also  resulted  in  many 
unanswered  questions.  Indeed,  it  is  now  evident  that  pDCs 
play  a  much  larger  role  in  immunology  than  originally  realized. 
In  addition  to  their  ability  to  produce  IFN,  pDCs  contribute  to 
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Figure  1  Plasmacytoid  dendritic  cell  (pDC)  involvement  in  tumour  inhibition  and  promotion,  (a)  Activation  of  pDCs  through  the 
engagement  of  endosomally  located  toll-like  receptors  (TLR)  7  and  9  by  ssRNA  or  nonmethylated  CpG  DNA,  respectively,  leads  to 
the  MyD88-dependent  upregulation  of  type  I  interferon  (IFN)  and  inflammatory  cytokines  as  well  as  expression  of  costimulatory 
molecules  such  as  CD80,  CD83  and  CD86.  Type  I  IFN  expression  also  occurs  through  the  engagement  of  protein  kinase  R  (PKR)  by 
dsRNA.  pDCs  possess  direct  tumoricidal  activity  in  a  granzyme  B  and  TRAIL-dependent  manner  and  indirectly  through  the 
activation  of  natural  killer  (NK)  cells  by  type  I  IFN.  (b)  Mechanisms  suggested  to  explain  tumour-associated  pDC  dysfunction  include 
the  recruitment  of  immature  pDCs  as  characterized  by  the  lack  of  expression  of  costimulatory  molecules  and  tumour  secretion  of 
immunosuppressive  factors.  In  addition  to  being  immature,  these  pDCs  are  shown  to  promote  tolerance  by  activating  Tregs, 
express  anti-inflammatory  cytokines  such  as  IL-13  and  are  refractory  in  IFN  production. 


tolerance  but  when  dysregulated  can  also  contribute  to 
autoimmunity.  Current  research  suggests  that  pDCs  have  the 
capacity  to  induce  apoptosis  of  neoplastic  cells  and,  therefore, 
may  also  contribute  to  cancer  surveillance.  Conversely,  it  has 
also  been  shown  that  the  tolerogenic  functions  of  pDCs  may  be 
utilized  by  tumours  to  their  advantage,  allowing  them  a  way  to 
evade  the  immune  system.  For  these  reasons,  an  understanding 
of  pDC  function  in  the  context  of  neoplastic  pathology  and  the 
tumour  microenvironment  will  likely  provide  a  greater 
understanding  of  malignancy  in  general  and  suggest  potential 
treatment  strategies. 

Neoplastic  progression  and  the  tumour 
microenvironment 

The  historical  paradigm  of  cancer  development  and  propaga¬ 
tion  is  based  upon  the  presence  of  mutations  that  lead  to  cell 
cycle  dysregulation.  According  to  this  model,  a  single  mutation 
in  a  cell  cycle  gene  allows  the  cell  to  grow  uncontrolled 


whereby  it  rapidly  expands  to  form  a  tumour.  However,  this 
model  is  an  oversimplification  in  that  as  the  tumour  expands,  it 
forms  its  own  microenvironment  that  differs  from  that  of 
healthy  non-malignant  tissue  [12].  Indeed,  cross-talk  between 
stromal  and  epithelial  cells  is  essential  for  maintaining 
homoeostasis  of  malignant  as  well  as  non-malignant  tissue 
[13,14].  In  the  last  three  decades,  our  knowledge  regarding  the 
role  of  immune  effector  cells  in  maintaining  a  protumorigenic 
microenvironment  has  increased  substantially.  For  instance, 
tumour-derived  colony-stimulating  factor-1  (CSF-1),  VEGF  and 
endothelial  monocyte  activating  polypeptide  II  (EMARII)  have 
been  shown  to  facilitate  the  infiltration  of  tumour  tissue  by 
monocytes  [15-17],  Within  the  tumour,  monocyte-derived 
macrophages  polarize  into  the  M2  stage,  which  is  strongly 
associated  with  proangiogenic  and  protumorigenic  properties 
[18,19].  Furthermore,  tumour-associated  macrophages  contrib¬ 
ute  to  an  immunosuppressive  environment  by  releasing 
interleukin  (IL)-IO  and  TGF-P  [20]  and  additionally,  promote 
the  infiltration  of  T  regulatory  cells  (Tregs)  by  releasing  the 
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chemoattractant  CCL22  [21,22].  A  positive  correlation  has  been 
observed  between  inducible  costimulator  (ICOS)-expressing 
Tregs  and  pDCs  in  the  peripheral  blood  and  peritumour  tissue 
of  subjects  with  gastric  cancer  [23]  (Fig.  lb).  Additionally, 
ICOS-driven  interaction  between  CD4+  T  cells  and  pDCs  has 
been  reported  to  lead  to  the  upregulation  of  Tregs  and  IL-10 
secretion  in  breast  tumours  [24].  These  observations  underscore 
the  contributions  of  immune  effector  cells  to  an  immunosup¬ 
pressive  tumour  microenvironment,  thus  supporting  the 
maintenance  and  propagation  of  malignancy. 

Plasmacytoid  dendritic  cells,  immunity  and 
cancer 

All  DCs  are  professional  APCs  with  the  capacity  to  prime  and 
activate  naive  T  lymphocytes  [25].  By  controlling  the  outcome 
of  antigen  presentation  to  T  cells,  DCs  also  play  a  central  role 
in  the  maintenance  of  peripheral  tolerance.  Through  the 
activation  of  pattern  recognition  receptors,  such  as  TLRs,  they 
also  produce  cytokines  such  as  interferons  and  interleukins, 
thus  modulating  the  balance  between  humoral  immunity, 
cell-mediated  immunity  and  tolerance  [26].  For  these  reasons, 
it  is  not  surprising  that  DCs  may  play  a  pivotal  role  in  antit¬ 
umour  immunity.  Involvement  of  pDCs  in  neoplastic  disor¬ 
ders  became  evident  upon  the  observation  that  several 
tumours  including  ovarian,  head  and  neck,  and  breast 
tumours  and  primary  melanoma  are  infiltrated  with  pDCs 
[27-32].  In  some  instances,  the  presence  of  infiltrating  pDCs  is 
associated  with  a  poor  prognosis;  for  example,  while 
investigating  epithelial  ovarian  cancer  (EOC),  Conrad  and 
co-workers  observed  that  a  significant  number  of  Foxp3+ 
Tregs  present  in  the  tumour  microenvironment  expressed 
ICOS  [33].  They  further  observed  that  the  ability  of  these  cells 
to  suppress  T-cell  proliferation  was  strictly  dependent  on 
ICOS-L  costimulation  provided  by  infiltrating  pDCs  and 
therefore  suggested  that  pDCs  and  ICOS+  Foxp3+  Tregs  were 
strong  predictors  of  EOC  progression.  As  a  further  example, 
Aspord  et  a 1.  reported  that  Th2-promoting  pDCs  were 
associated  with  the  progression  of  melanoma  and  that  the 
frequency  of  IL-5,  10  and  13-producing  T  cells  in  melanoma 
cases  was  correlated  with  a  high  proportions  of  OX40L-  and 
ICOSL-expressing  pDCs  [34]. 

Dendritic  cells  play  a  central  role  in  orchestrating  immune 
responses,  and  numerous  studies  have  reported  that  tumour 
tissue  is  often  infiltrated  with  various  populations  of  DCs 
including  pDCs.  For  example,  as  previously  stated,  pDCs  have 
been  reported  to  be  among  the  cellular  infiltrate  of  several 
tumours  [27-32].  It  is  believed  that  the  recruitment  of  pDCs  into 
tumour  tissue  is  governed  by  chemokines  secreted  by 
neoplastic  cells.  Zou  et  al.,  as  well  as  others,  have  reported  that 
tumours  infiltrated  with  pDCs  express  high  levels  of 


chemokines  such  as  CXCL12  (stromal  cell-derived  factor  1)  and 
CCL20  (macrophage  inflammatory  protein-3)  [29,32,35].  Zou 
and  co-workers  additionally  reported  that  tumour-derived 
pDCs  express  high  levels  of  CXCR4  [29],  the  specific 
receptor  for  CXCL12  [36,37].  Charles  et  al.  reported  that 
tumour-associated  pDCs  express  high  levels  of  the  chemokine 
receptor  CCR6,  the  receptor  for  CCL20  [35],  a  requirement  for 
the  rapid  recruitment  of  dendritic  cells  into  tissue  [38].  Indeed, 
the  multiple  receptor-ligand  interactions  that  occur  between 
tumour  cells  and  immune  effector  cells  contribute  to  the 
complex  microenvironment  that  allows  tumours  to  maintain 
their  own  persistence. 

pDCs  are  essential  for  recognition  of  altered  self-antigens 
and  for  triggering  immune  responses  directed  towards  trans¬ 
formed  cell.  Therefore,  it  would  be  expected  that  the  increased 
presence  of  pDCs  in  tumour  tissue  should  promote  immune 
recognition  of  tumour  antigens  and,  in  turn,  lead  to  tumour 
rejection.  Contrary  to  this  supposition  and  unexpectedly, 
increased  pDC  tumour  infiltration  is  often  associated  with 
tumour  progression  and  persistence  [24,39].  Furthermore,  it 
has  been  shown  that  increased  pDC  infiltration  is  associated 
with  poor  prognosis  in  some  cancer  cases  [40,41],  Therefore,  it 
has  been  suggested  that  tumour-associated  pDCs  are  often 
incompetent  with  respect  to  tumour-specific  immune  surveil¬ 
lance. 

Several  mechanisms  have  been  suggested  to  explain  tumour- 
associated  pDC  dysfunction  including  the  recruitment  of 
immature  pDCs,  promotion  of  pDC  tolerance  and  tumour 
secretion  of  immunosuppressive  factors.  Numerous  studies 
have  shown  that  tumour-associated  pDCs  are  immature  as 
characterized  by  the  lack  of  expression  of  costimulatory  mole¬ 
cules  such  as  CD80,  CD83  and  CD86  [32,42,43].  In  addition  to 
being  immature,  these  pDCs  are  shown  to  be  defective  in  IFNa 
production  [32,44]  and  it  has  been  suggested  that  defective 
IFNa  production  is  the  result  of  a  downregulation  of  Flt3,  TLR9 
or  IRF7  [44 — 47] .  Tsukamoto  et  al.  [48]  proposed  that  tumour- 
associated  immunoglobulin-like  transcript  7  ligands  (ILT7L) 
can  downregulate  IFNa  production  in  pDCs  via  interaction 
with  the  ILT7  receptor.  IFNa  is  a  pleotropic  cytokine  with 
strong  tumour  inhibitory  activity  [49].  Therefore,  by  producing 
less  IFNa,  pDCs  may  significantly  impair  local  immune 
surveillance  allowing  tumours  to  escape  IFNa-associated 
immune  responses.  Several  studies  have  suggested  that 
tumour-associated  pDCs  are  indeed  tolerogenic  [28,50].  For 
example,  animal  tumour  models  have  shown  that  tumour- 
infiltrating  pDCs  can  activate  mature  Tregs  [51,52].  Addition¬ 
ally,  it  is  well  documented  that  malignant  cells  and  tumour- 
associated  pDCs  release  indoleamine  2,3-dioxygenase  (IDO) 
which  is  a  powerful  promoter  of  Treg  activation,  and  can  lead 
to  anergy,  thus  allowing  tumour  cell  to  escape  immune 
surveillance  [50,53,54]. 
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Although  pDC  infiltration  of  tumours  is  often  associated 
with  disease  progression,  their  activation  with  TLR-agonists  is 
proving  to  be  an  effective  treatment  for  some  forms  of 
neoplasm.  For  instance,  the  topical  treatment  of  basal  cell 
carcinoma,  superficial  squamous  cell  carcinoma  and  some 
superficial  malignant  melanomas,  with  the  synthetic  TLR-7 
agonist  Imiquimod,  has  been  shown  to  lead  to  the  increased 
infiltration  of  activated  pDCs  and  a  significant  reduction  in 
neoplastic  cells  and  in  some  cases,  a  complete  regression 
[31,55-58]. 

Antineoplastic  functions  of  pDCs 

DCs  have  the  potential  to  invoke  antitumour  immunity  in 
multiple  ways.  Similar  to  cytotoxic  CD8  T  lymphocytes  (CTLs), 
natural  killer  (NK)  cells  and  gamma/ delta  T  cells;  DCs  have  the 
capacity  for  direct  cytotoxic  killing  of  susceptible  target  cells 
such  as  virus-infected  cells  and  transformed  cells.  The  focus  of 
our  discussion  is  the  contribution  of  pDCs  to  anticancer 
immunity;  notwithstanding,  significant  body  of  research  also 
addresses  the  cytotoxic  capacity  of  cDCs.  These  topics  are 
excellently  reviewed  by  Tel  et  al.,  and  Larmonier  et  al.,  with 
respect  to  humans  and  animal  models  [59,60]  and  thus  we  will 
only  discuss  their  tumoricidal  activity  in  conjunction  with,  or  in 
comparison  to  pDCs. 

Classic  cytotoxic  cells,  such  as  NK  cells  and  CTLs,  express 
perforin  (PRF1)  and  the  proapototic  enzyme  granzyme  B 
(GZMB).  Although  initially  believed  that  PRF1  was  required 
for  entry  of  GZMB  into  target  cells,  current  research  suggests 
that  both  proteins  may  enter  cells  through  an  alternative 
mechanism.  For  instance,  Veugelers  and  colleagues  proposed 
a  mannose  6-phosphate  receptor  as  a  potential  entry 
mechanism  for  PRF1  and  GRZB  [61].  The  definitive  role  for 
pDC-GRZB  is  currently  the  subject  of  ongoing  investigations. 
However,  as  pDCs  do  not  express  PRF1,  an  alternative 
PRF1 -independent  entry  method  would  support  the 
possibility  of  pDC  cytotoxicity  in  a  GZMB-dependent  but 
PRF1 -independent  manner.  Indeed,  using  a  human  asthma 
model  of  segmental  allergen  challenge,  Bratke  and  co-workers 
reported  that  pDCs  upregulate  GRZB  in  response  to  IL-3  and 
additionally  showed  that  IL-3  activated  pDCs  killed  MHC 
deficient  K562  cells  [62].  Furthermore,  they  reported  that  the 
observed  killing  was  abrogated  in  the  presence  of  GRZB  and 
caspase  inhibitors.  Interestingly,  they  also  observed  that 
engagement  of  the  TLR-7  or  -9  receptor  suppressed  GRZB 
expression,  suggesting  that  the  classical  IFN-induced  pathway 
of  pDCs  is  not  involved  in  GRZB-associated  cytotoxicity.  Tel 
et  al.  reported  that  human  pDCs  activated  with  the  preventa¬ 
tive  vaccine  to  tick-borne  encephalitis  virus  FSME  upregulated 
the  neural  cell  adhesion  marker  CD56,  a  classic  NK  marker, 
and  were  empowered  with  the  tumoricidal  ability  to  lyse 


K562  and  Daudi  cells  in  a  contact-dependent  manner  [63]. 
They  additionally  reported  that  the  expression  of  CD56  on  the 
surface  of  pDCs  coincided  with  elevated  expression  of 
programmed  death-ligand  1  (PD-L1),  GRZB  and  TNF-related 
apoptosis-inducing  ligand  (TRAIL). 

TRAIL-dependent  apoptosis  has  been  implicated  in  the 
tumoricidal  capacity  of  pDCs  by  other  researchers  as  well.  For 
instance,  Stary  and  co-workers  reported  that,  upon  treatment  of 
basal  cell  carcinoma  with  Imiquimod,  a  cellular  infiltrate  of 
GRZB  and  PRF1  positive  cDCs  and  TRAIL  positive  pDCs  was 
observed  [64] .  However,  in  contrast  to  the  observations  of  Bratke 
et  al.,  the  contribution  of  pDC  killing  was  strictly  TRAIL 
dependent,  as  TRAIL  neutralizing  antibody  abrogated  the 
killing  of  TRAIL-sensitive  Jurket  cells.  Consistent  with  the 
observations  of  Stary  et  al.,  Kalb  and  co-workers  reported  that 
pDCs  stimulated  with  agonists  for  TLR-7  and  9,  but  not  other 
TLRs,  upregulated  the  surface  expression  of  TRAIL  in  a  type  I 
IFN-dependent  manner  [65].  They  additionally  reported  that 
pDCs  treated  with  TLR7/9  agonists  as  well  as  pDCs  treated  with 
type  I IFN  efficiently  lysed  Jurkat  cells,  as  well  as  the  melanoma 
cell  lines  SKMel2  and  WM793,  in  a  TRAIL  and  contact- 
dependent  manner.  Using  a  mouse  model  of  melanoma,  Drobits 
and  co-workers  showed  that  topical  Imiquimod  treatment 
resulted  in  tumour  clearance  in  a  TLR7 /MyD88-dependent  and 
IFN-ct/  P  receptor  1-dependent  manner,  with  a  concomitant 
upregulation  of  the  chemokine  CCL2  in  mast  cells  [66].  They 
additionally  observed  that  Imiquimod  treatment  promoted  the 
secretion  of  both  TRAIL  and  GRZB  and  that  blocking  these 
molecules  led  to  impaired  pDC-mediated  tumour  killing.  These 
data  strongly  implicate  both  TRAIL  and  GRZB  in  pDC-mediated 
tumour  killing  and  further  suggest  that  the  tumoricidal  ability  of 
pDCs  is  independent  of  adaptive  immunity. 

pDCs  as  potential  targets  in  cancer 
immunotherapy 

CTLs  are  considered  to  be  the  most  critical  mediators  of 
anticancer  immune  responses,  and  CTL  infiltration  of  tumours 
is  typically  associated  with  a  positive  diagnostic  outcome 
[67,68].  The  use  of  immunomodulating  drugs  to  increase  CTL 
responses  has  been  shown  to  be  an  effective  strategy  for 
improving  the  induction  of  long-term  memory  CTLs.  For 
instance,  one  strategy  targets  the  blockade  of  the  inhibitory 
receptors  such  as  the  cytotoxic  T  lymphocyte-associated  anti¬ 
gen  4,  the  programmed  death-1  receptor  (PD-1)  or  its  ligand, 
PD-L1.  This  approach  is  often  referred  to  as  'immune-check¬ 
point  blockade'.  The  use  of  anti-PDl  antibodies  in  combination 
with  the  anti-B  cell  drug  rituximab  has  led  to  encouraging 
results  both  in  preclinical  models  and  in  clinical  applications 
[69,70].  However,  the  nonspecific  nature  of  these  'check  point 
inhibiting'  drugs  and  the  broad  mechanism  by  which  they  exert 
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their  actions  can  lead  to  activation  of  autoreactive  T  cells  and,  in 
turn,  lead  to  potentially  severe  side  effects  [71,72],  DC  therapies 
are  an  attractive  alternative  to  check  point-inhibiting  drugs  in 
that  they  have  few  side  effects,  and  natural  DC  therapy  is 
generally  less  costly. 

Ex  vivo  DCs  are  capable  of  inducing  CTL  responses  against 
tumours  when  loaded  with  tumour-associated  antigens  and 
given  as  a  vaccine.  Therefore,  the  primary  goal  of  cancer 
vaccine  immunotherapy  is  the  induction  of  long-term  mem¬ 
ory  CTLs  that  are  capable  of  facilitating  immune  surveillance 
and  promoting  tumour  rejection.  Although  the  use  of  cancer 
vaccines  to  generate  antitumour  immune  responses  is  theo¬ 
retically  promising  and  appears  fairly  straightforward,  the 
clinical  success  of  such  vaccines  has  been  less  than  encour¬ 
aging  [73].  Although  previous  studies  have  largely  employed 
monocyte-derived  DCs  (moDCs)  for  this  purpose,  a  pioneer¬ 
ing  study  conducted  in  the  laboratory  of  Dr.  Jolanda  De  Vries 
utilized  activated  pDCs  preloaded  with  tumour-associated 
antigens  to  vaccinate  subjects  with  melanoma  [74].  Although 
the  overall  magnitude  of  antimelanoma  immune  responses 
was  comparable  to  that  of  previous  moDC  trials,  a  number  of 
encouraging  observations  were  made  as  a  result  of  this  study. 
The  pDC  vaccine  produced  a  systemic  type  I  IFN  response, 
which  is  critical  to  NK  activation  and  subsequent  inhibition 
of  tumour  metastasis  [75].  Additionally,  pDCs  were  observed 
to  migrate  efficiently  to  the  lymph  nodes  and,  subsequently, 
T-cell  clones  with  high  avidity  could  be  identified  after  vac¬ 
cination,  indicative  of  a  strong  functional  response.  Lastly  and 
most  importantly,  the  overall  survival  of  subjects  treated  with 
the  vaccine  greatly  increased  when  compared  to  matched 
controls  that  only  received  a  standard  chemotherapy  treat¬ 
ment.  With  regard  to  the  mechanism  of  the  observed  efficacy, 
one  could  speculate  that  the  improved  treatment  outcome 
may  have  been  the  result  of  pDC-mediated  activation  of 
innate  immune  cells  such  as  NK  cells,  or  perhaps  T  cells 
induced  by  pDCs  may  be  more  potent  immune  effectors. 
Nevertheless,  these  observations  clearly  suggest  that  pDC- 
based  anticancer  vaccines  will  likely  provide  advantages  over 
moDC  vaccinations  or  may  even  supplement  moDC  vacci¬ 
nations  when  used  in  combination  therapy. 

Concluding  remarks 

The  current  model  of  tumour  neogenesis  holds  that  the 
tumour  microenvironment  provides  favourable  conditions  that 
support  malignant  cell  growth  and  propagation,  while  at  the 
same  time,  allows  them  to  evade  the  immune  system.  pDCs 
that  infiltrate  tumours  are  often  dysfunctional  and,  accord¬ 
ingly,  do  not  produce  IFNa.  Furthermore,  they  often  display 
an  immature  or  naive  phenotype  and  promote  a  tolerogenic 
microenvironment  through  the  activation  of  Tregs.  In  this 


context,  pDCs  likely  contribute  to  neoplastic  homoeostasis 
and,  accordingly,  represent  a  very  attractive  target  in  cancer 
immunotherapy.  Indeed,  activating  pDCs  with  the  TLR-7 
agonist,  Imiquimod  is  highly  effective  in  treating  some  forms 
of  skin  cancer  and  exemplifies  the  potential  impact  of  pDC 
immunity  in  neoplastic  disease.  Additionally,  pDCs  have  been 
shown  to  have  tumoricidal  properties  in  culture;  therefore, 
potentiating  this  ability  in  vivo  may  prove  to  be  an  effective 
treatment  strategy.  Future  studies  regarding  the  contributions 
of  pDCs  to  malignancy  will  likely  afford  many  opportunities 
for  immunotherapy  strategies. 
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